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STUDY OF A METHOD OF LOCAL CHEMICAL AND ISOTOPIC ANALYSIS /1
USING SECONDARY ION EMISSION

Georges Slodzian® 7‘ q —71-\-7

A semi~quantitative microanalysis method with secondary
ion emission, for directly obtaining distribution elec-
tror. images whose limit of resolution is .of the order of
microns, permitting localization of a given light element
in a chemical tond and isotcpic analysis, is described.
The obtainable result:c are demonstrated on the example of
identification of oxides and are ext}apolated to all pos-
sible solids including metals and minerals. The physical
principles of ccnversion of ion te electron images are
discussed, and formilas for computing second- and third-
order aberrations 2re derived. The experimental appa-
ratus, working with argon ion gun, immersion lens, elec-
tromagnet, image converter, telephotolens, and fluorescent
screen, is described in detail, with suggestions for

further improvement in resolving power and sensitivity.

INTROMJCTION

Basically, microznalysis has the purpose of establishing the chemical com-i

position of an extremely small zone of a solid specimen. This spot analysis,

!
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which has been extended gradually, permits an investigation of local variations
in the concentration of any one of the constituent elements and, consequently,
the plotting of a diagram giving ths distribution of this element within the
specimen.

A highlv efficient method of microanalysis is already in existence, based
on the emission of X-radiaticn, which had been studied and developed about a
dozen years ago by R.Castaing (Birl.l, 2, 2). The general principle is as fol-
lows: An electron beam is focused on the specimen on o M"spot" of very small |
dimensions (dicmeter less than one micron); the small volume of matter irradi-
ated by the electrons (of the order of ua) eriits, among others, a characteristic
X-ray spectrum of the elements concained within this volume. The wavelength of
the lines of the emitted spectrum permits an identification of the chemical |
nature of the electrons, composing the specimen; based on the intensity of these
lines, the quantitative composition can be established wich an accuracy oi: the -
order of 1%.

This method has aiready found numerous applications but nevertheless pre-
sents several drawbacks:

The presence of a continuous X-ray spectrum, emitted at the same time as
the characteristic lines, makes the detection of low-concentration elements in
the specimen extremely difficult.

The ready absorption of X-rays of long wavelengths makes the analysis of
constituents with low atomic number extremely difficult (such as oxygen, carbon%

ﬁitrogen, etce)e i
' 1

Finally, the distribution curve of an element within the specimen cannot

be plotted except by means of a series of stepwise analyses or by the artifact '

fof electronic (Bibl.lh, 5) or mechanical (Bibl.6) scanning. :
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Instead of making use of the emission of a characteristic X-ray spectrum
for differentiating the various elements contained in a given specimen, it is
also possible to define their mass ratio. From the first, mass spectrography
presents two considerable advantages: On the one hand, the light elements are
feadily detected and, on the other hand, the continuous backgrouni due to the
diffusion of ions by the residual gas in the vacuum enclosure can be sufficientj
1y reduced to permit the detection of elements in low concentration. Still, it?
is necessary to select a mode of ionization of matter which permits a localiza-%
tion of the emission of characteristic ions of the elements composing the ana-
lyzed material.

Various types of ion sources are used in the spectrographic analysis of /2
solids. In the source with a glow anode, the solid is deposited on a filament ‘
heated by passage of an electric current. The incandescence of the filament '
produces an evaporation of positive ioﬁs from the solid. Thus, cesium when de-
posited on a tungsten filament will emit Cs* ions. However, this phenomenon is
interesting only for elements that readily change to the ion state. In faci, ‘
1t is necsssary that their ionization polential V; be lower iLlhan the work func—‘
tion ep of an electron of the metal used as support. This limits the elemeirts
that can be analyzed to alkalies, alkaline-earth metals, and metals of rare A
earths. In another type of source, the solid is heated in a small oven in vacuo
and its vapor is jonized by an electron beam. The elements that can be analyzeé
with this process are much more numerous, but in any of these cases it is im- |
possible to obtain a localization of the emission. The edvantage of such
sources primerily lies in the low energy dispersion of the ions produced by
}hem (0.2 ov for a source with incandescent anode). E

! i
§ The use of a spectrograph with angle and energy focusing (double-focusing) |
. f
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makes it possible to use sources that have an energy dispersion of several
electron-volts, as is the case for spark sovrces of high frequency (Bitl.7). In
these sources, the spark jumps between two electrodes machined intc the material
te be analyzed (or osciliates between an electrode and a single-hole plate).
The tapered shape given to the electrodes makes this type of source unsuitable
for investigating metallographic specimens. In addition, the localization of
the emission would constitute a problem ra‘her difficult to solve.

A novel possibility of ionizing the matter composing a solid was developed
in investigations of the phenomena of cathode sputtering. It has been known
for long (Bibl.8) that a target struck by an ion beam will disintegrate in the
form of neutral particles; however, recently various authors (Bibl.9 - 15) have ,
demonstrated a different aspeci of the phenomenon by showing that a considerablg
fraction ¢f the sputtering products are composed of ionized particles. These |
particles, known as secondary ions, are f~ aed from atoms present at the surface
of the specimen. Thus, these particles a.e to the largest extent characteristic
of the component elements of the specimen although the emission may be influ-
enced, especially at the beginning, by the presence of adsorbed gases. A source
making use of this emission of characteristic secondary ions of the target con—l
stituents is of dual interest; such a source permits the use of metallographic
specimens and also makes it posgsible to localize the emission. In fact, the
5ocalization of secondary emission can be obtained by bombarding a small region§

of the plane surrace of a solid specimen, by means of an ™ion probe". However,é

1 t

hithout mentioning the difficulties resulting from producing an ion spot as fin?

hs the electron spot used in ihe microanalysis by X-ray cmission, this mode of F

localizing the emission of secondary iuns does not eliminate the necessity of '
i

Psing scanning means for properly establishing the distribution curve of a giveﬁ

L



élement.

In the new microanalysis method, whose development is the main object of
this work, the primary particles bombard a rather extensive area and the second{
ary lens emitied by the target are focused on an image of the object surface by:
ﬁeans of a suitable corpuscular optical system, as is done for secondary elec~ ‘
trons in emission microscopy. Here, a device resembling those usged in mass
épectrography is used for isclating, from all secondary ions that contribute toi

the formation of this image, those that are characteristic of a given element |
;nd that, because of this fact, produce the distribution curve of this element;%
the initial image is thus successfully resolved into as many Melementary imagesﬁ
as there are elements or isotopes of the same element on the bombarded surface.z
| Thus, secondary ion cmission permits developing a microanalysis method i
;hich, to some extent, scems to avoid the drawbacks inherent to microanalysis l
by X-ray emission. However, it should be noted that sputtering is a destructivé
process presenting a certain disadvantage with respect to microanalysis by X—raj
' emission. However, this disadvantage is not as important as it would appear ati
first and may even have some interesting aspects. In fact, as the sputtering |
ﬁrogresses, regions at greater depths are reached; this offers the possibility %
of studying the object at various levels and, specifically, at the level of itsi

surface layer. :
i |
Primarily, we will. discuss the principles of the setup developed by us, E

Fomprising bagsically three parts that have the purpose, respectively, of forminé

the ion image, of realizing its magnetic filtering, and of detecting the selectéd
1 f
elementary image by means of a suitable device. This will be followed by a '

hescription of the experimental equipment designed by us and by a discussion of |

%he experience gained in perfecting this design. Next, we will investigate

I
i
|
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several characteristics of secondary ion emissiun, which will permit to define

the analytical conditions. Finally, we will give several application examples.’

CHAPTER 1 /3
ELEMENTS OF THE CORPUSCULAR OPTICS USED

1. Immersion Objective

Emission electron microscopy gives numerous examples (Bibl.16) of devices
that permit the investigation of the surface of solid specimens by means of
electrons emitted by the specimen. The use of ions instead of electrons merely :
means that. among the devices used, we must select those whose optical system %
is purely of the electrostatic type. Speaking in a general manner, this opticai
system comprises an accelcrating section combined with a focusing section; thes%
two parts can be either merged or separate. In the first case, we have a simplé
Johanson objective (Bibl.17) which had been invesiizated specifically by Septier
(Bibl.18) while, in the second case, we have a composite objective whose mag- |
netic variant has been studied mainly by Fert snd Simon (Bibl.19, 20). We zade
use of both of these possibilities and finally decided on the composite object—i

ive which seems better suited to our specific problem.

ae. Acceleration of Secondary Iong

The plane target M is bombarded by a beam of positive ions with an axis
&X'. let a positive secondary ion be expelled at an initial energy ep and
éeave the target at an angle o, with the normal to the surface. This secondary;
gon is accelerated by the uniform electric field E,, existing between the targeﬁ
;rought to the positive potential V and the plane electrode A parallel to M at |

the potential of the mass and at a distance A from the target (Fig.i). j
¢ ; ‘



k other side, by its intersection I with the plane A. From the optical viewpoint,

8]

e

1

2 the process is the same as though *the trajcctory would continue over thz tangead

5+ .in L to the parabola.

The trajectory of the ion (w,, en), emerging from .. ..nt P of the target,

A

thus presents a parabola limited on one side in P by the plane M and, on the

A
' L! -

Fig.l

Let us now oﬂnslder, for the same value em of .

v ai kinetic energy, all trajectories eLengirg from P' The envelope of ti+ tan-

™~ Eents tlict form the extension of these trajectorles is a caustic surfa-z of

it prevolution about the z'z axls perpendici:lar to the target in F. Tro i +*erszec-

1 tlon of this caustic by any plane containiry z'z is symmetric wi'. i.3pect to

(D)

|
\

t+ @'z and presents an inflection point or ‘cusp.

% A virtual image contaminated by aberrations.

These aberrations are due to the fact that the ions depart at nonzero ini-

7

|
i
i
|

l

Tuls arrangement :: quite fre-

16 lquent in optics; the syatem (M, A) is not stigmatic and gives, of the point P,

] i
52 tial energy; it is obvicus that, for a ﬁaro initial energy, the aperture of the

e initi<4

1
1
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fbeam emerging from P would be zero and the resultant iﬁage woull. be perfect.

I,
The imay. K§ of any point K of the target given by the system (M, A) pre- E

| Bents “he same characteristics as the image PJ of the point P. In addition, R ]l
: a.nd K§ are located in the same plane perpendicular to z'z and at a mutual dis-
' tance such that KP = KjPy. This raises the question as te “he resolving b

it power of the system (M, A).

i
B a) Limit of resolution. The answer to this question is obtained by calcu-
i
'S lating the radius p, of the aberration figure which svrrounds the Gaussian
16 !

'7 image P§ of P. The equation of a parabola (a%, ) is written as

19
E,
20 — —
! 2= 4 @, sin? o Tt tga,, (‘1]

-4

" fin the system of rectangular -oordinates (P., P,); see Fig.l.

" f Aside from this, the velocity component v, sin o, along the axis perpendlcu-
i %lar to the electric field is retained. This mlll yleld° \/fposmoc,,—-a\/v+% -
- %rhere « is the angle of the tangent in L to the z'z axis. Moreover, it can be |
" pssumed that the initial energy of the secondary ions is small with respect to
i Elne accelerating potential; from this it follows that a~'\/ vein %

A simplified calculation then showq that the intersection P; of the tangent

i
I |
" in I wi%h the axis z¢z is such that :

4 —— ¢ /o

A0 PP =A(I - 2'\/ %’cns a‘,).

& As soon as 0, “ends toward O, the point P will tend toward the point Fb,
' the Caus.ian image o7 P, such that rT::A(x~z'\/9;—)’). From this, we can
derive the longitudinal aberration:

[t o ‘ o

1 PPy = 2A(1 -~ cos ao)’\/%o

|

v» [he radius p, of the aberration spot in the Gaussian plane (plene perpendicular

g e )



to 2%z in M) will then be ¢ * PiPy, i.e.,
=2\ -?"s;in !l ~— €Os %o},
pa=23 y ¢ s

Howe:ver, the optimm focusing plane is not 'acated at Pl but Letween F)
1 .
and By, at a distance — PyPi from Fy (Bibl.21).
The radius of the aberration spot in this plane gives a neasure fcr vhe

- ;'esolution limit 6. We have '

N 8:F~—5|na,:l -~ €0s a). (2)
-0

To improve the resolving power, we could either change the value of

sin o, (1 -~ cos &, ) or else the acczlerating fieid E,. The initial energy ew of

the gecondary ions is a physical constant which is imposed. Consequentily, an l
- Jmp*ovement in the resolving power can be obtained only by varving the angle o, ,
28 1.e., bty eliminating the fast particles that depart at too high an angle. How—
. ever, it will be shosmn that the contrast diaphragm, introduced for this purpose,
fesults in a reduction of the image luminosity; this means that one cannot go
;'ery far in this direction. It seums rreferable to vary the electric field &,

but. also tiiere we are limited by the requirements of illumination of the ob Jject.

b) Illumination of the Object. The target is bombarded by a beam of posi-.

tive primary ions whose axis XX! makes an angle of 45° with the axis zz'; since’

the target ia peaitively nolarized, it repels these ions along a paravolic

3
i

|

I, L !
z = z(b«»(r—{—ro)’ (r -+ rq} rA (3}

ibx-ajectory having the equation
ivhere e¥, is the energy of ths incident ions and 1, is the distance after which!

s i . . . : 1
'" the primary ions "gerse" the electric field. The incidence of the beam must bei
"'p.t. an angle that permits retaining an ion density sufficient to operate under

o
- the conditions of rathode sputtering. If the geometric parameters of the para-
9
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tolic trajectories are prescribed, any increase in &, will necessitate an ine
4

creage in V and ¢ snuch that the ratio will remain constant. Mcreover, the

0
secondary ions must then pass into the magnetic field of the mass spectrograph;

for this reason, it is of no interest to impart too high an energy to these ions
if one wishes to maintain a reasonable value for the radius of curvature of the
trajectories in the magnetic field and, consequently, acceptable dimensions for
the apparatus.

It also wouid be possible to increase E, by reducing the geometric dimen-
sions (i, and A) and %o retain the same angle of incidence on the target; "ow-
ever, it is obvious that there again we encounter a practical 1limit which it is
difficult to exceed. |

In part, these difficultiies could be overcome by .3ing, for the primary
bombardment, neutral particles instead of positively charged particles; this
would have the additional advantage of introducing the energy>of the primary
particles as a new parameter which could be readily influenced in such a manner
that optimum bombardment corditions could be obtained.

Divergent effect of the orifice V. The secondary ions leave the acceler-

ating space, comprised between the tarzet M and the electrode A, thrcugh a circu-
lar orifice O made into the electrode A. The axis of this orifice .oincides

with the above-defined axis z'z. .erpendicular to the electrode A, tke lons é

t

pass from a region of uniform eleccric field to a region of zzro field. All i

—élong this path, the electric field retains symmetry of revoluticn avout the
5

bxis z'z. The conservation of the electric induction flux results in th. :rea-;
~ !
tion of a radial electri: field E., correlated with the first derivative of the{

Sy

:" flectric field on the axis E, by the relation
|

| | |

10
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g D’;‘, (L)
It follows from this that the ion trajectories, while passing through 15
the orifice, undergo a radial acceleration which causes them to diverge.
Calculations made under ihe assumption of a sharp disconti.uity of the
electric field in the plane A (Bibl.20) shew that, at the Gaugs approximation,
the effect of the orifice O is that of a divergent lens placed in the plane A
at a focal length of -L4A. The image of the point P is definitely s point P
located at -g'- behind the poiat P; o= o -%- ; the image of a small segment KP
KPP _ 2 "

T ——

3

Let us also mention that, at the exit from the orifice {, the rays have an'

is a segment K'P' such that

angular aperture equal to —3— \/ %—- sin %, in accordance with the lagrange-~

Helmholtz relation; the exit pupii of the investigated system, which convention-;

ally is known as "crossover'™, is virtual and loczted in C, at 4% behind the
plane of the electrode A at a diameter squal to u2 —(;—0-.
Complete immersion lens. To observe the obtained virtual image, a con-

vergent lens is required. In back of the electrode A, two electrodes F, and E .

L

i

f //’5\ |

i 1 3 /

1 SO £ —— B
|




are arranged, congisting of circular fiephragms with an axis z'z, with the elec~
trode E, being positively polarizea and the electrode E; being at the mass po-
tential. The wnit (A, E;, %) ferms a three-electrode unipotential lens L.

The leuns L, of the virival image, gives a real image I, and, of the virtual
crosscver G,, a real crossover image C. If we place a diaphragm D with a dia-
meter d at the point C, we can eliminaie those ions which, at a given initial
energy, had been emitted at too high an exit angle o, or which, at a given ent
ang.-, had been emitted at too high an initial energy ewm,; this makes it possibie
to influence the resvlving power.

a) Resolving puwer. To be sumewhat more accurate, let us imagine ihat we

have placed the lens L in such a manner that it produces, of the crossover G,
a real image at an enlargement of -1 (Fig.2). The ions, emitted at ar initial
i

energy em, and at an exit angle n,, traverse the plane of the crossover C at a -

distance o from the axis such that
? = pu{f) .sin z, Where 9-(<Po"-'4A'\/{~?~ (5)

The contrast diaphragm permits the passage of all particles having an energy &

lower than or equal to an energy ev,, whose value is given by the relation

'

20u(Poy ) = de A portion of the ions with an initial energy above ewm,s is

stopped, and only particles such that p < —92-- are passed, i.e,, ions whose

i

lateral velucity is below or equal to 4 ,\/ 2V, Referring to the expressio
; 8A m

for the resolving power, it is easy to demonstrate that & begins increasing
ilinearl;v as a function of em, up to a value of &y = -C—P%:—. As soon as the in-

i
F
n
?
'
{
|
{
l

;(‘luence of the diaphragm begins to manifest itseif, & decrsases because of the
i‘act that «\/ éi"‘i’*’ sina, o which is the lateral component of the initial veloci-#
i "

ty, is limited to a maximum equal to g'g 2,”"\ . which causes a decrease in the‘
! J

12
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YN
- v

P
I

-fluences only the "lateral energy™ (denoting here by lateral energy the kinetic

) histribution of the secondary ions. In order to define the possible course of a

factor v (1 -~ cos @ ) and thas of the expression ;Z sin o (1 - cos o ). Vi
The curve plotted in Fig.3 describes the variation in the limit of resolution,

as a function of the initial energy ew,. ;

«f

Fig.3

Thus, the diaphragm plays the role of an energy filter whose action in-

!

|

energy corresponding to the lateral velocity). It follows from this that the

initial width of the energy dispersion band remains "uichanged tut that the energy

”distribution at the interior of this band is basicallr modified. Nevertheless,i

this Mimperfect filtering™ would be sufficient in absolute value to rrevent an

influence of the fast particles on the resolving power provided that, during

i

?assage through the orifice 0 and specifically within the lens L, the ions of
hiffering energy were focused in the same manner. Since, howsver, this latter
rondition is not satisfied, it must be expected that chromatic aberrations will
tontaminate the image 1o

b) Filtering efficiency. The proportion of particles eliminated by the

filter effect exerted on the initial lateral energies depends on the angular

13 !
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2mpdo, i.e.,

these phenomena, let us assume that theremission takes place in accordanée with
a law of the type of Lambertt!s law used in optics. The nmumber dn of energies I
of ions with an energy em,, emitted in a solid angle d about the exit angle ab;
is given by the expressions dn = %(w,) cos wpd), where %(w ) is the number of ‘
ions with an emergy of em,, emitted per area of the imaged field and per ste- ;
radian. The number of particles emitted in the solid angle, limited by the

half~angle cones at che vertex o, and o, + d¥%, thus will be
dn = 2nN\’(,} sin g, cus agday. X
In addition, in the diaphragm plane, the particles emitted in the investi~

gated solid angle pass between two circles of radii p and p + dp. The area da

of the circular corona, comp:rised between these two circles, has a value of

da = 2mg}, sin g cos 2dz,. (6
We thus have .
. » P da ;
dn == 27N g). ot dp = Ngy) -, . :
Tu u (7)

Congequently, the crossover C is covered by a wnifcrnn density of particles.

"he ratio of the number Np{(p ) of particlss allowed to pass by the dia-

1

bhragm to the total number Ny(qy) of emitted particles is equal to the ratio of

&he area of the diaphrsgm to the area covered by the crossover grouping the
i

fons of energies ew, in the plane C, i.e.,
:\.n d? o2

. == - - \ Nn ?om . )
N: K V.U whence SR (8)

Po

¢) Chromatic aberration. Chromatic aberrations are produced on passage

tiurough the orifice O ang during focusing of the secondary ions by the lens L,

The orifice O, separating a region of uniform field E, from a region of

| 1 ‘ |

i



1)

w1
5

_ Py of the chromatic aberration spot which surrounds an image point

practically zero field plays the role of a divergent lens of a focal length -AA{
‘ !
The variation in slope Ar' of a trajectory passing in the plane of the orifice

|
i
l
i
i

at a distance r from the axis, is given by

. (9

r
_4 AU T Q‘,COS" %,

Ar’

)

|

|

The divergence of the orifice O is less pronounced for fast ions emitted i

@long the normal to the object. However, as soon as, at a given energy ey, thi

exit angle o, increases, the divergence will increase up to a value independent
of the initial energy at o = .%.; this is due to the fact that the velocity

hlong the axis is then the same for all particles, no matter what their initial

énergy might be. Starting from the expression (9), we can calculate the radius

i
{

(10)

p,::g. %}.mm‘zw

|
i
; Two different types of chromatic aberration can be differentiated: chro- ;
#atic aperture aberration (aperture defect.) and chromatic field aberration %
ifield carvature). A beam of trajectories emerging from the object will divergé
%ore or less, after the orifice O, depeﬂding cn the magnitude of the initial
Energy. Due to this fact, a chromatic aﬁerration will appear on the image which
Lepends on the aperture of the beam. Tﬁis chromatic aberration will occur only
t the center of the image. A trajectory emerging from the center of the object
i11 pierce the plane of the orifice O at a distance r;:zAﬂV/%ﬁﬁn% from
&he axis. Consequently, this trajectory will deviate the more from the axis Vi
he greater the initial lateral veIOcitf; however, the diaphragm imposes an

per limit on this velocity and causes the expression of the radius p; to be-

Pome d gy - %0
} Pic Ty = (11)

| | |

i 15 ; !




,Dividing this by the -%— enlargement yields the value p. of the aberration

radius, reduced to *he level of the object: 1

{
. dp Dom I
Ge = < 0 \_'_ on ) (12)=

The variation in the divergence of the orifice O with the energy of the

ions traversing this orifice algo leads to the introduction of enlargement dif-

ferenc:s on the image. The degree of aberration will increase with the dis-

tance h from the imaginary point at the center of the object. Naturally, this

.chromatic field aberration is superpesed by the chromatic anerture aberration
'which has been calculated above. lLet 4, be the chromatic shift at the level of

ithe image; since r = h, we have

L -'—'l;"‘i—" i.e., I, :=’é'§!9 on the object. (13)
h

Tb.give an order of magnitude, let us imagine a lens provided with a dia-

fphragm of 0.5 mmn diameter, limiting the lateral energy of the ions to 1 ev. As

}values for the other parameters, let us take A = 3.75 mm and V = 3750 v, which
Ewill give an extracting field K = 10* v/cm and lead to a limit of resolution §,
}of the order of microns. TFor values of ¢, of the order of 1C v, we obtain P =
§= 0.15 u at the center of the image and ¢, = 0.2 p along the edge of a field
of 0.3 mn diameter. These aberrations have a direction opposite to that intro-
duced by the lens L but, as demonstrateq below, these latter are of a higher
order ¢ magnitude.

The lens L, for ions whose initial energy varies by AV, presents a varia-
tion of Af of the focal length given byé-%ﬁ- =K - —%¥-, where K is the chro-
matic aberration coefficient of the lené; for a lens of the type used, K is of

the erder of 3.5 (Bibl.21), Taking into consideration the -%— enlargement pro-

Auced by the orifice 0, the radius pe of chromatic aberration at the level of
i

| 1% !
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18}

~wntdir trajectories intersect the axis in points lecated at 2f + 4Af frum the

the object will be

\Y
Pc—-]\a/ A\

where - is the half-aperture of the beam on the object side:
2. /%
7:3’\/? SNy = %{Z

9 d
P = 32 A K f ] (13]

pefined, we obtain

This is the aberration at the center of the observed fiald. There also
%xists a chromatic field aberration produced bty the variation in enlargement of
kzhe image I, whenever the initial energy of the secondary ions varies. The ionsg
bf differing energy, emerging from a point of the object located at a distance 4
;

‘Ffrom the axis and leaving the object perpendicularly, enter the lens under an
1

’ h
h‘.nclination of @ = -L-'z- but do not all pass through the ecnter of the crossover¢
. |

écentesr of the lencl. This results in a chromatic shift 4; of each image point,

|
kﬂth the fast ions deviating less from the axis than the sleower ions. This
2

Bl-,.lacement reduced to the level of the object, taking the -ts- enlargement
?
Fiven by the orifice O into consideraticm, will be
i
. AV
iibeo’ 31.:“ " ! v

R I L\\ L
15:3\"4;5' '\-I' ‘l' (th
To give an order of magnitude, let :us take f = 10 mm as the focal length

of the lens L. The value of AV is nors dlf’icult to determine since, depending

on the potential applied tc the central telectrode, it is not the ions of the

‘lsame energy that are focused at a foca]i length f. For example, if the initial
|

1
1
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'klso igolates an energy band for ions of the same type. In addition, we demon-

énergy band, covered by the ions, is limited to 10 ev, the excitation of the |
iens L can be controlled in such a manner that the focusing takes place at a E
focal length f for ions whose energy takes any of the values of this band. The%
selection of this value depends on the energy distribution of the ions after th;
?iaphragm; to fix the concept, let us take the mear of the band, namely, AV =

; 5 v. At the center of the field we will then have an aberration of the radiug
%c': l1.7u. Along the edges of a field of 0.3 mm diameter, we must use a value

@f AV = 10 v since 4. represents the distance between ihe slowest and the fasteg

harticles: 4 = 2.8u. If desired, these values can be corrected by the aberra-

!
!

The chromatic aberrations may seem prohibitive, specifically when consider-

%i:ns given by the orifice O, yielding: p. = l.6u and 4, = 2.6u.

i
i
i
»

rng that the initial energies may have several hundreds of volts. In fact, the

hagnetic prism which separates the secondary ions in accordance with their mass,

i

strated above that only u fraction
{

‘Po n
Do
ﬁhrough the diaphragm, so that the chromatic aberrations discussed hare appear

of particles with an energy we, passes

|

?n the form of halos which become increasingly faint as the energy eqpy increaseg
i

hlthough these halos interfere much less: with the optical resolving power than

|
?ould be expected from their calculated mumerical values, the; still may reduce

|
Fhe accuracy of the analysis. Let us mention also that the aspect of the 48

Fberration figure changes with the adjustment or focusing of the lens. Finally|
calculation of the sberrations at the level of the crossover shows that their

effects on the filtering are nogligible.

| The immersion objective, described%abovs, represents a lens system which,

Fecause of the fact that the optics useﬁ is electrostatic, focuses in the same

#anner &ll ions, independent of their cﬂarge—to-mass ratio e/m. Al)l the ions,

|
| 1| }

|
i
i
|
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“:iprerimentally investigated Ly Jouffrey (Bibl.23).

—— e

ﬁo matter what their charge or mass might be, thus participate in the same way !

gn the formation of an enlarged image of the object surface. For observing thig
Eon image, it would be easiest to use a fluorescent screen. Unfortunately, the
%vailable fluorescent screens have an extremely low sensitivity for ions and

%pecifically for heavy ions which travel at relatively low velocities; in addi-
%ion, metallic ions, for example, rapidly contaminate the phosphors by coating
%hem with a layer opaque to ions. Finally, the fluorescent substances generally
%re insulators which means that they become positively charred by retaining the
?ons and, under their impact, emitting secondary electrons which results in a

|
?igration of the image and breakdowns. We were able to bypass this difficulty

by using an image converter of a type suggested by Mollenstedt (Bibl.22) and

. Imags Converter
a. Principle

The principle of the image converter is as follows: The real ion image is
formed on the highly polished cathode of an emission electron lens. The impact
%f the ions on this cathode produces an lemission of secondary electrons which
re then accelerated and fccused by the ﬁens into an electron image which can b#
bserved on a fluorescent screen. As shown in the sketch in Fig.4, the pencil |
f ion trajectories passes through the hkle Ty pierced in the fluorescent
sereen E and converges at a point B; of fhe cathode K. This cathode, which is
hegatively polarized with respect to th% anode A,, repels the secondary elec-
trons. A Wehnelt electrode W, placed oﬁiween K and A, and brought to a votentis

gl close to that of the cathode, curves %he equipotentials of the electric field
| .

thus creating a radial field of revolutqon which focuses the electrons emitted

|

| 19 | ]
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by B, in a point B} of the fluorescent screen.

The image converter reproduces the ion image, outlined on the cathede, as
‘%m enlarged electron image on the fluorescei.t screen; thus, this converter can
serve as & 'projection lens", except that then, in the final enlarge-ent, the
fcontraction of the ion image muct be taken into considerat®on.

I
Contraction of the ion image. The ions, arriving in the converter, are

#.ttracted by the cathode, and the «rrangament of the eguipotential lines pro-
duces a certain convergent effect. This means that, on the one hand, to octain

|
t

Fi:gh

B focused ion image on the cathode it is necessary to form the initial image in
back of this cathode and, on the other ﬂa.nd, that the ion image is contracted.
Thus, the image AB is reduced to Ay By by a factor k which depends on *-¢ ratio ¢

of the energy of the ions on arrival at the cathode to their ensrgy before em-
|
tering the converter.

i

i
The values obtained experimentally by Jouffresy give an order of magnitude

i
H
i
1

|

for this phenomenon: A ratio q of the order cf 2 will lead to a contraction
|
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of 1.8 wnile a ratio q of the order of 4.5 will produce a contraction greauter
than 4.5.
The electron image, observed on the fluorescent screen, is not equally

distinet over the entire field. This is due to the field curvature of the cone.

verter, wiiich introduces 5 different collimation for the center and for the 42
edges of the image. This can be eliminated by replacing the plane cathode by a%
concave cathode having a spherical form. The radius of curvature is adjusted E
- such that the image will be distinct over the entirc observed field, for one and
\ ihe same focuging. _
In addition, the electron image is affected by so-called pincushion dis- i

tertion which can be readily eliminated since it has a direction oppcsite to ;

2-_. that imparted by the contraction in the converter to the ion image, so that - aﬁ

* p suitable voltage ratio - the three following distortions are exactly compen~ i

N

- $ated: pincushion distortion of the emission lens; barrel distortion of the-ioni-

:‘ image on traversing the converter; and pincushion distortio:. of the electron :

inage.
let s alsc note that the cathode must be so highly polished that its

S gtructure does nnt interfere with the electron image. In addition, the enlargeT

" ment of the ion images, which are to be observed on the scrven, must be so ad-

%usted that the resolving power of the converter does not place a limit on the

T {
¢
t
i
i

sharpness of the ion image.
i
! The use of such a converter, because of the considerable luminosity gain

) ﬁt peraits, makes an obgervation of ion images of extremely low intensity pis-
16} {

sible. Thus, we can obtain a direct reproduction of the image I, given by the

‘f gmmersion objective. This is the main goal of a series of preliminary experi-

f‘ hents which also will contribute to the justification of the microanalysis
] v

‘v
)

2 | |




process we intend to develop.

3. Preliminary Experiments

a. Mass Spectrcgraph Analysis

As a first step, it is necessary to identify the exact nature of the ions

extracted from the target.

Primarily, we used an immersion lens ciffe -ing from
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-diffused by the target at a low initial energy and to record, for exarple, the

that described above. The immersion objective shown in Fiz.3 is a simple model.
Thic objective comprises a plare target M and a Wehnel: clecirode ¥,, brought
to the same positive potential (several kiinvelts), and a grounded electrode K1£
the Wehnelt W, is pr§vided with a channel which allows passage of the primary
Eeam. The accelerating and focusing functions are no longer clearly séparated

as had been the case in the above-described lens. The Wehnelt, inserted betweeé
the object and the cathode K;, curves the equipotential lines which permits a :
focusing of the ions emitted by the target. In addition, due to an electric |
screening effect, the presence of the Wehnelt weakens the extracting field at
the surface of the object. To avoid such weakening of the electric field, we

will use the streng-field lens described on p.7 in our final design. I=t us

*.. also note that a diaphragm D, placed at the crossover, will limit the "lateral |

energy™ of the ions to a few electron-volts. ‘
: S
The immersion objective 1s placed at the entrance of a mass spectrograph;

the diaphragm D, which 1imits the crossover, se:-ves as entrance slit. This madé

it possible to separate the characteristic secondary ions from the primary ions'

!
spectrum shown in Fig.6 which corresponds to the emission of Al* ions by an X
aluminum specimen combarded with argon ions. '
i ] . !
These experiments have shown that characteristic secondary ions . dst at a!

elatively large proportion in the sputisring products. In addition, during /10

hese experiments, we investigated various elements such as copper, nickel,

e RV

luminum, magnesium, and beryllium; on all these substances we were able to ob-

erve the emission of characteristic ions. This, together with the data con-

L

Fained in the literature concerning the emission of tantalum, molybdenum,

gilver, germanium, and silicon, indicates that the emission of secondary ions
! !

v

23 : L




is not a phenomenon limited to a few elements and seems to promise that the
method can be generalized. In addition, the emission of light metals is par-

ticularly intense, whizh is of advantage since it is exactly for light elements

27

40 |

45 j

Fig.6 L

that the use of an electron microprote is so precarious. !

b. Reoroduction of an Ion Image !

In a second series of experiments, we had the purpose of directiy reprc-
ﬁucing the image I, of the object surface, given by the emission lens. Toward ;
#his ené, we devised the experimental setup shown schematically in Fig.5. 4An i
klectrostatic deflector De, composed of two coaxial cylinders, deflects by 126’;
%he argon ion beam emitted by the gun C and directs it toward the cbject M.
Fhese primary ions arrive at the target with an energy of the order of L Kev.
ﬁhe ion image I, is observed by means of an image con?erter whose optical axis

!
coincides with that of the emission lens. The final electron image is received
{ -

' | !
Fn the fluorescent screen E, which is pierced at its center by a hole to permit
g i

: 2 f ?

|
i
|
i
!
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passage of Lhie secondary ion beam which transports the image I,. Immediately

telow tha emissisn lens, there is a peruanent magnet which permits application i
of a magnetic field pervendicular to the axis of the secondary ion beam. This ;
magnet slides in a plane parallel to that of the fluorescent screen; this motio&
can be controlled, dnring operation, from outside the vacuum enclosure. The i
magnetic field deflects the ion trajectories in accordance with an angle proporé
tional to the square root of the specific charge of the particles that pass %
'ihrough the air gap. Between the magnet and the fluorescen'. screen, there are ;
two soft-iron disks having a hole at their center for passage of the ion beam E
and ensuring magnetic shielding of the fluorescent screern, in such a manner ;

that the electron image will be insensitive to the position of the magnet.

R Fig.7

o Since the Wehnelt and the target are electrically coupled, the adjustment

i bf the image I, on the cathode of the converter is done by increasing or de-
.
éreasing the distance between object and Wehnelt. By varying the polarity of

-%he Wehnelt W of the converter, the electron image on the fluorescent screen

can be focused. These various aligmments are done while the magnet is detachcd
i

® lso as to prevent its influence on the secondary ion beam. The introduction of

" ithe magnet produces a fantail spreading of the trajectories; each "ribM of this

e Fan is traversed by ions of different type, and the image I, is resolved into

Ls many images as there are ions of difflerent type in the initial beam.

1 1 1
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,,islets or regions, corresponding to the emission intensity of Na* ions.

To permit convenient ohgervation of the image displacement, we studied an
object formed by the juxtaposition of a half-disk of corper with a quarter—diskE
of beryllium and another quarter-disk of aluminum, arranged as shown in Fig.7a.%
The orientation cf the otject in its plane is such that, as soon as the magnet
is inserted into the ion path, the deviation of the trajectories will cause a
motion of the images in direction of the arrow (Fig.7a). The image displacemené
is inversely proportional to the square root of the mass of the ions that par- %
ticipate in formation of the image; the lightest elements are thus more sbronglé
deflected, which results in the aspect sketched in Fig.7b. In addition, while ;
evaluating the displacements of these images, we were able to verify tha' actu-!
ally an emission of Cu', A1, and Be' ions was taking place. Also other types
cf objects were investigated: Wor example, we deposited « few fine crystals of |
§ock salt on a tantalum plate and observed small lwminous and highly brilliant

|
|
i
i
i
i
1
;
i
|
i
i
!
i
i
i
l

This second series of experiments furnished data which later proved [;;
highly useful. On the one hand, from the quality of the images it can be de- E
duced that the icns originate in the specimen surface iiself rather than duringé
é later ionization of the particles removed in their neutral state. On the i
other hand, the otserved images have a luminosity sufficient for convenient ob—?
%erv&tion, at a magnification of the order of 100. Despite the fact thal we
Fsed simple experimental means, these experiments snow that it is possible to
%htain images representing the distribution of an element present on the surface

bf a given specimen. However, in these same experiments we always ended up with

certain overlap of the various images; it is obvious that this device is no

A

onger suitable if complete separation of the images is desired. The technique

sed in mass spectrography suggests the utilization of the angular focu31ng

1
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broperties of sectorial magnetic fields for forming, from the crossover of the
emission lens, a real crossover image where only ions of the same type will

converge. A slit, placed at this level, makes it pcssible to isolate the se-

M
i
i
|
i
i
{
!
i
i
\
i
¢
|
|
i

lected component in the initial beam, for a given value of the magnetic field.

N

g However, in microanalysis a simple selection of ions in accordance with

i their mass is not sufficient since such an analysis must also give the local

.2 distribution of an element at the surface of a given object. Therefore, it will

y Fig.8 ;

" be necessary to investigate the optical properties of sectorial fields in more
‘o Hetail so as to know what becomes of the initial image I, during separation of

" the eslements.
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L. Optical Properties of the Magnetic Prism

In his thesis (Bibl.2,) Colte gave a general theory on orthogonal systems, |
i.e., on systems in which the mean trajectory of the particles remains in a E
plane which is the symmetry plane for the electric potential and for the mag-
netic induction. More recently, Hennequin (Bibl.25) made an exp.rimental studyz
of the optical properties of sectorial fields, i.e., of systems Zormed by a unig
form magnetic field parallel to the median of the dihedron which limits the %

|
region of space over which it extends. Such a field is practically realized ing
the air gap of constant width of an electromagnet. The pole pieces have plane §
faces perpendicular to the plane of symmetry of the air gap (which, in turn, isi

also a symmetry plane for the magnetic field) and delimit an angular sector in

which the field is localized (see Iig.8).

a. Properties of the First Order

The composition of the ion beam passirnz through the crossover object C is

heterogeneous. Under the action of the wmiform magnetic induction, the ions

A

. where M
n 13

follow circular trajectories whose radius is equal to 1436

] 7

is the atomic mass of the ionized flement, n ic the number of elementary charge

1

ﬁarried by one ion, V is the accelerating potential in volts, and R is the mag-

getic induction in gauss. In a device where only the ions that traverse a
%ircle of given radius are collected and where the potential V is fixed, ions of
F given type are selected by regulating the magnitude of the magnetic induction/
hhus, an optical study of the magnetic prism can be made, without interfering

%ith the generality of the reasoning, by assuming that the beam which passes

! ,
ﬁhrough C is composed of ions having identical mass, charge, and velocity. The
! ‘
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cese in which the last condition is not satisfied will be specifically investi-
gated bejow. Consider & homogeneous beam, monckinetic and emerging from C, :
which obliquely strikes one of the pole faces, travels within the air gap along:

a circle of radius R, and emerges cobliquely through the other face. The mean
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trajectory of this beam remains in the plane of symmeitry or in the radial plane,

i
a) Position of the focal lines, stigmatism. The trajectories emeciging
?

i
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from C, whose initial velocity is contained in the radial plane or in the [ig
first principal section, remain in this plane and, after rotation in <he magnet;

i
converge (at approximately the second order with respect to the aperture angle l
of the beam e.erging from C) in a point C of the mean trajectory. ;

The trajectories emerging from C whose initial velocity is contained in a

plane perpendicular to the plane of symmetry, are lowered toward the radial

plane at the entrance and exit of the alr gap, because of their oblique incidenée
{

and emergence. They remain within a cylindrical surface, known as the second

principal section, whose generatrices, perpendicular to the radial plane, have
their footpoint on the mean trajectory; after rotation within the magnet, theseg
j

trajectories converge at approximately the second order in a poiut C; of this i
same trajectory. f
A study of the total of all ion trajectories emitted from C and contained f
ﬁithin a cone of revolution with a vertex half-angle v, clearly shows that, at %
approximately the second order in o, the trajectories after rotation within thei

magnet rest on two focal lines, one of which is radial and parallel to the mag-

hetic field passing through C, while the other is axial and perpendicular to the

i
'

?ield passing through C;. The magnetic prism which constitutes the magnet thus|
Eepresents an astigmatic system. However, by modifying the angles ¢' and e"

l
%Fig.s) at which the mean ray strikes and leaves the magnetic field, it is pos—%
gible to make the two focal lines coincide in a point C and thus, at approxi- f
mately the second order, obtain stigmatism of the prism, a stigmatism which the}
nongaussian optics limits to the single pair of points C and C'. This has pri-
marily the result that the ion trajectoﬁies which initially had convergad in a

point of the image I, (which now plays ﬂhe role of the virtual object for the

prism), after rotation in the magnst, aﬂe based on twe small virtual focal lineﬁ,
; 0 ’
|
|

i

- ——
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;me being radial in I, and the other axial in I, (see Fig.9).

Before going further, let us define several notations. The mean trajector;
(T) intersects the entrance face of the prism in O, the exit face in O', and
}otates within the magnet along a circular are 00' measuring -:;;_ radians.

The ion trajectories are reduced to a system of curvilinear axes (x, y, 2)

t
direction of increasing z bsing that of the motion, while (x, v) are ccordinate

|
t
i
|
|
!
|
%ere 2 denotes the curvilinear abscissa of a moving point M on (I'), with the i
é{
;t‘ollowing the principal normal and the binormal to the curve (I') in M.
i let us assume an object point S whose position on the axis CO is defined

by C = 05 (C >0 if S is virtual and { < O if S is real); at about the second

1
1
i
h

order, this object point corresponds to an image point S; in the first principal
. : |

;section and to an image point S; in the second principal section. Here, 5; |

and S, are located on the axis 0'C' and are defined by () = 0'S; and ¢} =05

{the quantities (' are positive for real images and negative in the opposite

Ibase). At the indicated order of approximation, Cotte's theory permits calcu~

1
,LLating the position of these points by the formulas:

|

cos (® +¢') L

Pan)
[ ]
%4
PO, NP ——

| G O T e
' R™ cos(@- &) sin{®fe’ -¢) 3
| cose’  cose’ —cose” R
. &
~ G __.______._q_)_+ (i + Q"G‘)R
R= o -—;
- (1 — Dige") 4 {tge’ - tge"— Dtre tge) ;3‘
| (16)

here ¢ is the angle about which the trajectories rotate in the magret, having

i

ere a value of —-T;:- radians. To retain,: at the exit from the magnet, the sym-
{

" Il
etry of revolution ~¢ the beam and thus to avoid distortion aberrations, we
|

—p—— g

sed a symmetric device where the angle jof incidence ~¢' is equal to the exit |
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angle e" (-¢' =¢" = ¢), Equations (15) and (16) then Lecome

|
I
1
|
i
I
|
i
Nt e . =

){; —l+tg8ﬁ
a R
tge— (1 - tg e)‘; (17
&and
‘ x
4 "z

- |
b
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~——
X oe
—
[
o
e

© . Thus, symmetric focusing is obtained for an angle ¢ such that tan € = --15-;

the positions of C and C' will then be

- L= =% =2k

b) Theoretical magnet, real magnet. Equations (15) and (1¢) were derived
J;by Cotte under the hypothesis stipulating that the magnetic field undergoes an
;a.brupt discontinuity perpendicular to the pole pieces. Ampcire's theorem demon-
jstrates that this discontinuity is accompanied by the appearanée of a mugnetic
‘:kt'ield H, perpendicular to the pole face and parallel to the radial plane. This
it‘ie ud exists only at the entrance and exit ¢’ the priasm where, because of the
lique incidence and emergence of the beam, it produces focusing of the tra-

i

dectories in the second principal section. The field H, is connected to the

OH,
ﬁerivative of the field H,(z) on the axis by the relation ll,=~—y-—;}£~)

| In the hypothesis of a discontinuity of H,, the gquantity ——ng—- becomes

infinite which is physically completely illogical but is quite convenient for
oH,
oz

the calculation since does not enter except by integrals extenied over the

1 ‘ {
rbhicknass of the "passage layer™ which is assumed to be infinitely thin, sepa-
rating the region of the zero field from the region of the air gap where the |

uiform field Iﬁ pirevails. This case s analogous to the case encountered in

calculating the trajectories by Ganz's method. In fact, the magnetic field

| 32 | ]



eaks? to outside the air gap and, depending on the data given by Septier
(Bibl.1ft) for exampie. retains a considerable magnitude over a distance of
several lengths of the air gap beyond the magnet. In the case of a real magnet,
this causes the trajectories to rotate before their entry into the air gap and
after their exit; this will modify the focusing in the first principal section.

In addition, since the passage layer presents a certain Mthickness™, it be-
comes necessary to define the exact value of -Eg-;—- as a function of z if the
focusing in thz second principal section is to be c2iculated. Consequently,
Jotte's formulas are rigorously valid only in the limiting case of an infinitely
narrow alr gap.

With a real magnet, we also obtain a focusing of the beam, emerging from C,
in the two principal sections; however, as expe.-mentally established by Henne-
quin {Bibl.25), this focuging takes pilace for valnes = e and of { which are no
lcager those indicated by thc .directly applied tneory. However, by arranging
the raitern of the focal-line position for various angles, Hemnequin was able to
demonsirate that the overall results could be simply interpreted by applving
Cotte!s theory to an "equivalent™ magnet rather than to the real magnet.

The characteristics of such an equivalent magnet can be directly determined
by experiment. It is necessary to define the values of the angle ¢ and the
position of C, which will yield the conditions of symmetric focusing. In this
;ase, C must be located at a distance 2R from the entrance lace of the equiva-
ient magnet. The axes CO and O' (' are orthogonal and intersect in H (see Fig.9)
éo that the radius of curvature of the equivalent magnet will be such that CH =%
; 3R. By design, OH is !mown and by experiment CO is measured, so that it is
telatively sasy to calculate the equivalent radius of curvature. In addition,

i
I

i

1

. )
|

|

1

!

3

!

if Cotte's theory is applicable to the equivalént magnet, we must necessarily
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.
have tan € = —3—.

It is also easy tc see that the tangent of the angle of incidence to the
real magnet will be greater than —%—. In fact, egs.(17) and (18) show that ()
is an increasing funciion of tan ¢ while (2 is a decreasing func:iion. Since the

leakage fields cause the team to rotate before it enters the region cf strong

2y

5 where the axial focusing takes place, the beam will arrive in
z

gracient

this region at an angle of incidence ¢ lower than predicted, thus causing (2 to
increase; L} also increases but much less than {5 and for different reasons {sc
as to retain 2 deflection at 90°, the radius of mean curvature of the trajec-
tories is greater than in the case of a magnet without leakage field, which /14
causes an increase in the geometric parameters that depend on the radius of
curvature).

Cn increasing ¢, the radial convergence will increase while the axial con-
vergence will decrease; thus, it is possible to find a value of ¢, higher than
that predicted by the theory, for which stigmatism will pe realized.

The use of an equivalent magnet permits to extend the simple calculations
of the Cotte theory to the practical domain. In addition, the aberration caleu-
lations developed in the hypothesis of the equivalent magnet do not require an
exact krowledge of the leakage field and lead to aberration coefficients whose
values are comparable to the results obtained by Hennequin {see Appendix I).
Therefore, it will be possible to base our further developments on the hypothesis

of the equivalent magnet.

b. Chromatism of the Prism. Chromatic Focal Line

Let, 2t the point C, be located the crossover of the immersion vbjective

limited by a diaphragm D of diameter d. Let any ion trajectory pierce the plang

3




of the diaphragm at a point (%, ¥»). The image I, is located at a distance L
from C. The trajectories which will converge at the point Q cf the image I,
form a conical pencil which has its nadir on the diaphragm D. The projections
of the axis of this pencil onto the planes (x, z) and (y, z) form, respectively,
the angles @ and ¢ with the z axis. The diameter d of the diaphrag: is viewed
from any point of the image under an angle of 2y = —%T (see Fig.9).

The prism gives a real image C' of the crossover C at a magnification of —i
whose geometric dimensions are enlarged by second-order aberrations in o and B.
Consequently, the selection slit, placed at vhis level, must have a width equal .
to the real dimension of the crossover C' if uniform illumination of the entire'
image field is desired.

In addition, the prism gives an astigmatic imaée of the point Q since, at
the exit from the magnet, the pencil of rays which was to converge in Q thins
out into two focal lines, one radial line Q' and another axial line Q" (see
Fig.9). Once the astigmatism is corrected, the quality of the image after rota-
tion in the prism will be limited only by aberrations of the second order in o,
"B, %, and ¥, provided that the particles entering the prism had been mono-
kinetic. Moreover, it is known that the secondary ions present a certain ve-
locity heterogeneity to the emission, which already limits the resolving power
of the immersion objective. Until now, we have made use of the dispersive
properties ¢f the prism only for separating the ions in accordance with their
ﬁass. It is obvious that these properties are useful alsoc for dispersing the
dons in accordance with their velocity. The selection slit permits pa.sage of
ﬁons whose energy extends over an interval of a width of eAV which, because of

'

%the dispersion introduced by the prism, will result in a chromatic defect on

éthe image, independent of the previously defined geometric parameters. Before
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discussing the geometric aberrations it is therefore zbsolutely necessary to
check whether the "chromatism™ of the prism might nov be cancelable.

a) Dispersion of the prism. Chromatic focal Jine. Consider, for example,
ions which, btefore entering the prism, travel along the axis CO a2t an energy
oscillating between eV and e(V + AV). Wil ‘n the prism, these ions follow

cirenlar trajectories of a radius R and R + AR. At the exit from tre prism,

Fig.l10

&he trajectories spread in a fantail in the radial plane, with tneir base on a
caustic tangent to tne axis 0'C' in F; apparently, these originate, at approxi-!
! ‘
' mately the second order in -Qg;, from the point F (Fig.1l0C).

As soon as the velocity of the ions varies, the rays resulting from the

3%




dispersion of the ray CO will rotate about F similarly to the rays of a beam
rotating about a geometric focal line as soon as the angle of the beam is
widened. By analogy, one could speak here of a 'chromatic focal line' in F.

Calculations and experiments [(Bibl.25), Appendix I] show that the fantail of
3

the trajectories spreads by an angle at the vertex of -

position of the vertex F is such that O F = - —g— .

LR , since the /15

The chromatic dispersion of the prism in the plane perpendicular in ¢' to
the axis 0 C can then be calculated quite simply: The fantail of the trajec-
tories, in this plane, intercepts a segment of a straight line whose length ¢

i

is -g- AR . ¢'P. Since 0'C = 2R, we have 4 = 4 %{P‘—. In addition, because |

R
) S | A = 2p AV
ofR 3 v,leti. v

b) Chromatic defect on the image. To permit a simple evaluation of the

i

defects introduced on the image by the chromatism of the prism, let us limit the;
:calculation to trajectories contained in the radial plane. Consider, for ex- :
ample, the point P of the image I. located on the axis CO, where the beam of

half-aperture Y converges. At approximately the second order in vy, the point P
has as image the point P' of I located on the axis 0 &' . The size of the ’

R v

nchromatic biur® surrounding P is —;—— « LR pp, i, -»l—i— 7' 2V (gee
Fig.10). The image of P, given by the prism, is subject to a first-order aher—%

ration in L;—v, which thus must be eliminated. For this, it is sufficient to

i
icancel FF' , i.e., to place P in such a position that its conjugate P , given by

|
tthe prism, will be located in F.

This will result in an "achromatic point"™ about which the rays rotate, duve

either to the angular aperture of the baam or to the heterogeneity of veloczity

:

{f the secondary ions.

[e]

If we now consider the trajectories contained in the second principal sec-

T 1
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tion, the above statements will apply alsc to their projections onto the radial
plane. In addition, since the convergent effect of the prism acts only when
traversing thin passage layers, the dispersion enters only at the second crder
over the intermediary of the terms in vy —%— The trajectories contained, on
leaving, within this second principal section thus rotate about the chromatic
focal line, perpendicular in F to the radial pilane.

let us finally consider the total beam which converges in P. Equation (17)
wilil yield the position that must be occupied by the point P to have the radial
focal line coincide with the chromatic focal line. it will be found that, |
for {3 = - —;— i, we have { = + —;— R from which the position of the axial focai?.
line {3 = -2.3R can be calculated by means of eq. (18) Since the radial focal |
‘1ine has been achromatic, the fantail of dispersed trajectories will only elon-i
gate the axial focal line in the same direction as the aperture of the beam so :
that, once the astigmatism is corrected, the dispersion of the prism will enter:i
only over the intermediary of terms in (’_5(\.) and (A\\)

It is now a question whether our above findings on the center P of the
~image I, are also valid for any point Q of this image. This question can be

answered only within the framework of a general study of second-order aberra-

tions.

¢. Second-Order Aberrations Introduced by the Prism
; A study of second-order aberrations will permit a more e.xact solution t.haﬂ
"bhat obtained from eqs.(17) and (18) for the problem of the iafluence of the

%prism on any trajectory defined by the five parameters «, ﬂ s X Yo, and AV,

(

,Lro simplify the calculation, without interfering with the generality of the
{

;h'esults, we will avoid a simultaneous variation of all parameters. Depending

38 !

e -
U NGO S S T E e B e et e A7 S AR e O © Rl gy 3 L % e



1)
N
1

50

on the group of parameters considered, various types of aberration can bve dif-

ferentiated.

a) Distortion. Let us agssune that the image I, is a square, with the

center P and with sides parallel to the coordinate axes x and y. Let us imagine

that the penciis that contribute to the formation of this image are reduced to |

a single ray passing through C (% = Jo = 0) and that, in addition, 4V = O.

The deformation of the pyramidal beam, emerging from C and based on the square :

!

RSTU, is described by the terms ir o°, 8°, and aB. This deformation leads to a,

distortion of the image given by the prism but by no means limits the resolvingz

power on the image.

The calculations, derived in Appendix I, def’.iz the structure of the beam

in the planes perpendicular to 0 C' at the poin*~ 0 and C :

(0" = 2Ra — Re? - 13
y(0) = 2RB — 2rRa3

() = — 4Ra® — RREF"
y(C} = — 16RaB.

From this, we derive the slopes p and q of the trajectories projected,

regpectively, onto the first and the second principal section:

p=—a— (428" and g=—p—(8—mad.

Consequently, the coordinates of the intersection of any ray with the ab-

hcissa plane Z on the axis 0'C' are given by the expressions

pl +
gl + 4

8

(€
(€%

|

=

where Z is the abscissa measured from C .

|
?ifferent points of the axis 0 C .

The geometry of the beam may be demonstrated by successive cuts made at
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In C', the interaction of the heam yields the form of the crossover
sketched in Fig.lla. Th beam is limited by two secant parabolic arcs, sym- /16
metric with respect to the x axis and having their concavity turned toward the
center of rotation of the trajectorizs of the magnet (i.e., toward negative x).
If the incident pyramidal beam were not deformed, we would have. in 0', a :

square R §' T'U' ; in fac*, we obtain the contour R"S"T"U" symmetric with r‘espect;i

i

to 7 x and composed of four parabolic arcs which intersect in R", 5", T", and
U". The arcs E"U"and S"0" have their concavity turned toward negative x while 1
the arcs K"S"and T™U" have thsir concavity turned toward the point 0 (Fig.11lb).
in P, the quantity Z = - _%_13_ causes ’

8R 8R ’

(P = S?a and y(P'') = 3—B— 3 (e — 2)af. x

|
!
i

The terms in o and p° vanish, resulting in the trapezoidal aspect sketched

- "
in Fig.llc. Defining the rate of distortion by 7 = —22,—%— , we have

T s — 2)e,

which, for o = 1072, yields a distortion rate of the order of 1%.

At the abscissa point Z = - -—81-@—-, the terms @ vanish so that
- T {
I
6R -8 e — ‘
f 6R
: iy = gl :—;_ {5

|
I
This will yield the pattern sketched in Fig.lld; obviously, changes in thei
direction of the concavity of the parabolic arcs A"U"and S™" take place.

Finally, at the point P", we will have Z = -4.3 R from which it follows that

7(P") = 4,3Ra {- 2,45(a* + 2B7)R
ytP"y = 4,3Ra + 4,9RaB,

The contour R"S"T"U" in Fig.lle is &‘omed by four parabolic ares which l

|
; 1O ! :




‘the trajectories pass at definite points through x(C') = -LR® - 8RR®. The ‘

intersect in R", S", ™", U" and are symmetric with respect to the x axis. The
concavity of the arcs R*U"and S"™I™ is turned toward positive x.

Let us also note the development of the slope of the tangents to the arc

E"s" s for example, *he slope which, from negavive in the plane 9) s chenges to
positive in the plane P" and cancels in the abscissa plane Z = - —g}é—R"-.

]
E

This demonstrates that the shape of the distortion depends on the plane 1:
from which it is viewed, which means it is difficult to decide which definite].yg
is the distortion that mi;/ht affect the observed image. To answer this qnos‘*if_\f?;
we must return to the fact that the prism is an astigmatic system for any other%
§air of points than C and C . i
Let us thus imagine that we have inserted at €', an astigmatism corrector i
;nhich only acts on the trajectories projected onto tre first principal section;

this compensator reduces the radial focal line Ip to the axial focal line If.

If the crossover ¢ had no aberration at all, the successive aspects described

below would be integrally preserved since the trajectories passing through the
:center of this corrector would not be deflected. Because of the aberrations,

action of the corrector (which is a convergent system) transforms a trajectory

{ 1

[x, p] into a trajectory [x, p - u) where u = kx, with k being a constant char-

?a.cterizing “he convergence of the correcting lens. To determine k, let us note

&
SR

-
A

r
[

%hat
i 4.3!{

ince the radial foczl line is reduced to the axial focal line, i.e.,

3‘__»/'_‘ 1
SR T 43R
|

ince }

Ur T T TR




T -2
43 = -- we have IR =" B
5%

The trajectory [x, p] will thus be transformed into a trajectory

2

[I(C'J —a+ (’T s‘ oo :) (a2 4 z,%],

which will yield, in the plane P",

” T -2 3\ ., . 8 '
.'It(l’ )——— - [~— 4—9-( § '2)(1'+ 23",‘] 5 j-;t ’
— 4R(o% 4 2%, .

After reduction, the terms in o® and 7° varish and we will finally have, r

dn the plane 1¥,

8
:r([‘\ll) — . T_B

y(P*) = ;3‘" Rf + 4.9RaB

from which results the trapezoidal distortion sketched in Fig.llf; the rate of !

t
!

idistortion, being —zf—z— a, is about 1%. A
' b) Field astigmatism. Edge effect. The distortion influences the spacing
of the image points. The defects described below refer to the image points
themselves; each of these points is surrounded ty an aberration spot whicn |
limits the resolving power. To study thuese defects, it is therefore possible tg%;
Id:’Lsregard the distortion, keeping in mind, of course, that the found defec.s a.f‘:L-
ifect each point of the distorted image.
" Bquations (15) and (16), which yield the conjugation relations between [;1
Z"bhe .ob:)ect and image points, have been derived to about the seccnd order, which : )
%means that the first-oxder "aberrations" on the image are zero or else, since %
g"the aperture of the beam is an infiniteJTy small first-order quantity, that the ’
. %position of the images is known only to the firsc¢ order. Thus, egs.(15) and !
'z 5(16) will determine the position of the iimage of a point such as P located on :
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the axis CO, while the position of the image of the off-axis poiut Q is defined|

only to approximately the first order. This justifies the question as to

whether the prism is "aplanatic®.

i
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1
‘(and Yof which contain the elements for answering this question.

: Taking only aberrations of this type into consideration, we established
|(Appendix I) that the coordinates of the intersection of any trajectory with
| 43
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the plane perpendicular to 0'C in C' are given by

2(C) = (m ~ 2)ifoB —
YC) = (= — 2)yx — yp

|
and, in 0, . §

2(0") = 2Ra — 2 T _ YoP i
4 4 2

™ "

, I =
s0) = 2R ="yt Tap— (k) |

From this, we can derive the slopes of the trajectories at the exit from |
i

the prism:

_x(C')—x((l’) _ 32, 3 .'/03 To%
j p= ZR' - ﬁ—““gﬁ—i- (ﬂ — 2)2-+8
A0 S TWYo | 3TYe% TP
q = 2R -___-_3_. ER 1 E SR 8 |

i

i
i
t
Let us limit the discussion to trajectories contained in the radial plane.i
|

‘The aperture of a flat pencil of rays, which initially was to converge in Q, isf

i
v

:flimited by the dimensions of the crossover; the axis of this bundle of rays L:é

trajectories, at the exit from the prism, and their virtual prolongation are E

expressed by the following equation:

== - 300 BT,
”“( * 8R+3H)"‘“’°

Since 8 = 0, the value of Z which renders this equation independent of x% , i.e.

e g

;of the aperture of the object pencil, gives the abscissa of the point Q where
ithe image pencil is focused . This yields

: L 3“«', to about the third order, for
3 ‘

i
§
|
|
! At @ = 0, the point § coincides \ith F located on the axis ¢'C' such |

L, ‘ i

e R I O T




that 7 = - -§-R—.

3

If o is not zero, ihe point Q' no longer will be on a seg.rnt of a straight
line perpendicular to 0C in P but beyond or before the segment, depending on
the sign of o (Fig.12). The image of 5 virtual segment PQ is a virtual segment
P Q inclined tc the axis 0 C' by an angle whese tangent is equal to 3 in abso-
lute value whereas it would be infinite if P’ 0 were psrpendicular to the axis
0 C . This is simply due to the fact that the trajectories [a], for the case
that o is positive, follow, within the magnet, a path longer than that of the
trajectories [ = 0] and thus are subject to a stronger convergent effect. The
pencil originating from the virtual point Q' %hus is less divergent than the
prencil that appears to originate from F , from which it follows that the point
Q' is farther back than P . Analogous reasoning applies to a negative angle @,
in that the prism this time exerts a less strong convergent action and that the
point @ thus would be more in front than F . The 3ame results are obtained
from eq.(15) which gives the position of the conjugate points in the first

principal section; the angle of deviation ¢ is successively taken as equal to

— X, —— and —- ~2. In conclusion, it can be stated that, in the first
=z 2 2

principal secvion, the prism is a "noraplanatic" system.

Since the prism has a differing convergent .ffect, depending on the angle
a, it is suggested to investigate the behavior of a flat pencil contained in
.each of several cylindrical surfaces analogous to the second principal section
‘but differing om it by the "curve (x)" contained in the radial plane which
for: ¢ .3is for their generatrices. Each "curve (X)" comprises a circular :
are of radius R and an angle at the center -:-;— + 20 to which refer, respective-
"ly, at the entrance and at the exit of the magnet the prolections onto the

‘radial piane of the axis (@, B) of the pencil and of ths axis (<, -8). Thus,

L5
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each surface is characterized by the angle . The aperture of a flat pencil

which initially converged toward a point Q of I, has a value of 3y % (since

the pencil is flat, X% is zero). At ilhe exit from the prism, the rectilinear

trajectories and their virtual prclongation are expressed bty the equation

| e 5:: Yo , 3Tl . .
y»-( R R & H)/.*-.xwz,y.a——y,,.

The value of Z which renders y independent of y», i.e., of the aperture of
an object pencil, gives the position of the -oint Q" where the image pencil

focuses. We then have

or e *(2 ‘*s"‘fe) J

If @ and B are zero, the position of the point P" is obta‘ned. Since Z is
Aindependent of &, the image of a small virtual segment of a straight line per-
pendicular tc the radial plane, is also a smail v?rtual segment of a straight
line perpendicular to the radial plane, no matter what the value of « might be.
Consequently, we can state that the prism is Maplanatic®™ in each of the defined
surfaces. However, when considering a small plane area, perpendicular to CO
in P whose every point is "illupinated™ bty a flat pencil (for which the con-
vergence in the firct principal section exerts no influence), then the virtual °
‘image given by the prism will be a plane area, perpendicular to the radial plané

i

.and inclined to the axis 0'C' . The normel to this area, together with the
v’o

axis 0' ¢, makes an angle whose tangert is 2 + , which yields an angle

of about 87! This is due to the fact that the axial focusing is highly sensi-

i
i

‘tixe 30 the angle of incidence and to the angle of exit of the beam. A beam

}
i

enterlng and leaving the prisw at an angle (e + ~) is subject to a much strongo?
i

L6




convergent action than that affecting a beam whose angle is € and which, conse-
quently, moves the axial focal line far in back of the position P".

I7, for comparing ihe resultant effects, we place ourselves in the same
obseMtion plane, it can be imagined that the correction for astigmatism is
done by a correcting lens whose center coincides with ¢ and which, acting only:
on the trajectories projected onto the radial plane, reflects the image P to .
P". The focal lines corresponding, for example, to a point Q have no reason to
coincide so that the astigmatism will be corrected only at the center of the
image. Outside of this center, the beam will remain astigmatic. To give a
general idea on the pattern obtained in that case, let us consider an object :
segment perpendicular to OC in P and contained in the radial plane. An ion /19
.pencil converges toward each point of this segment, and the aperture of the
percil is limited by the diameter d of the crossover. The prism gives an asti -
:nat.ic image <f each point of the segment. The locus of the points § where t,hef
radial focal lines intersect the radial plane is a segment of a straight line D;

(Fig.12), inclined to the axis 0'C by an angle of about 71° (angle whose tan-

- -gent is equal to 3). The locus of the points Q", which is the locus of the

axial focal lines, is a segment of a straight line D; which, together with O C',
:makes an angle of the order of & (complement of the 8% angle). The astig- |
matism corrector, of the segment D, , gives an image DI inclined to the axis and?
{pa.ssing through P". However, Dj is much less slanted than D; and, consequentlyf:,
?when viewing a plane perpendicular to 0 C' in P", one would always be closer t.oi
Ethe radial focal line than to the axdal focal line. The image points other

ithan P" are surrounded by an aberratior figure elongated in the direction of the

iradial focal line, i.e., parallel to the magnetic field, whose elongation is

igreater the more the observer is distant from P" (Fig.13). When considering

L7
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the points outside the radial plane, the aspect to be defined is modified by

another type of defect described by the terms in yo8 and %8, which had not been

N
Q%
{
) ’
oy Dy
. } -
1. ' /‘7
- *-f”f 2 Yo
{
D2
’
‘f
Q”;
. , '01
i .- Ta
s .
s Sl lo
- T et IFE
- >y

N

S }taken into consideration until now, either by assuming 8 = O or by making use

N

“ bf flat pencils.
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These terms represent the specific action of the so-called passage layers.:
In fact, we demonstrated above that a ray suchas % =0, o =0, =0,8 #0
does not remain in the second principal section and will yield an aberration
term equal to -8R8° at the level of C'. In the same manner, :{ we consider the;
total beam emerging from the crossover, terms in %8 and 7B will be introcduced.
On traversing the entrance layers and the exit layers, the beam is given an
impulse which lowers the trajectories toward the radial plane; however, this
momentum also has the effect to make the beam leave the second principal sec-

tion. This i3 known as an edge effect aberration.
8R

Finally, we will have, in the plane Z = - —3—,
( SR .roa
T=-;
R —2 = = :
:yzé}:’. B‘:'.{E'}""Jo'—z(3 ' 1)!/0“'?'3103 |
) 8R
and, in the plane Z = 5!
{ 8R r—2 At— 3w g o
{ am e e AR S . o
VI T 53—~ Yo 3—-=%
BR N 1 ﬂ’ T
( y= 3 :—;B - (2 T ;‘7‘) Yo -+ P x,8.
* SR

On reducing everything to the plane 7 = - - the correcting lens will

transform a trajectory [p, x(C' )1 into{p - kx, x(C' )], which will furnish t..e

following trajectory: :

o g 5=mm 8o toy oz 1
N "[ *T B RT TS np‘fsn]" ‘
o %jﬂe': + (v —2)yB —zy | [
it
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It is then possible to define the shape of the aberration figure which /20

surrounds each point Q" of the image, defined by the coordinates

SR &R
r= 5—_"‘;“1 and y=;~—_-:,3

Since the diaphragm, limiting the cressover; is circular and has a dia-

meter d, we will have
To = €08 Yy Y= 3 sin U,
where ¥ is a parameter which varies rfrom O to 2m.

Let us relate the coordinates of any ray to a system (Q"X, Q"Y) whose axes’

pass through Q" and are parallel to the axes (P"x, P'y). We then have '

-
X=— ey =5 x ‘
3= o B
—————d*"(‘!ﬁ\'in Y+ %cos Y
== 3T B Ve
L= T3
Y:—(z 4 5:—73)(1'%1_5—:%
d . . ,
= — =y imt = 27 + 10)asin ¢ - wBcos y .
2(5 — =) ) M

The aberration figure, surrounding Q", is limited by an ellipse whose

ma jor axis, together with the Y axis, makes an angle w such that tan 2w =

= 3‘7-;- " ,5; the distance of one point of the ellipse to its (enter Q" is
TR 2T e o i
PP = X2 4 Y3
\ — _‘_mdj o fnzﬁz ~ 2miw?® — 27 - 0B sin O cos ¢ i
| = A e (r 7 -+ 9l sin P eo .
Z - at cos? y + a¥(n? — 2w + 10)sin? §). |
i For @« = 0, the ellipse becomes a circle with a radius of ——-—-EB— d; the
| P 2(5 - )

ia.berration terms are due exclusively to the edge effect. At 3 = 0, the major
{

ins of the ellipse is vertical and has a value of (2 + 5"-511:\"’“’ while the value

I do

bf the minor axis is ; this aberré.tion is produced by *he single effect

of field astigmatism. On traversing a square of the tvpe K 8'T'U , ihe general
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shape wiil be that shown in Fig.l13.
It should be mentioned that the above-described aberrations affect an en-
larged image of the object; to define the resolving power which threse aberra-

tions are likely to limit, it is necessary to refer them to the object by taking

Fig.13

the enlargement of the image into consideration. On maintzining «. B, and d

1
i

ccnstant, the aberrations due to the prism remain invariant on increasing the

> enlargement of the image I, and consequently the aberrations referred to the ,

Afbbject will be weaker. Thus, in principle, their effects can be reduced as muclj
as desired. }
..t us assume that, in a certain arrangement, we obtain a limit of resolu-';

AN i

i

;tion 3 on the filtered image. This limit is composed of two terms 8, .nd &, oné

1
a1

:pf whrich is due to the magnet and the other to the emission lens. Tet us check
:bn the best way of reducing 8, by discarding the trivial solution which consistg
in limiting the observed field to more and more central regions.

The contrast dilapnragm of the emission lens can be reduced by a factor k;

0

6
T and k; ; in addition, the

 here, 6, and § , respectively, are chang[ved intn
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intensity of the light allowed to strike the image is divided by K*. This
method is not advantageous since it improves the resolving power of the objec-
tive much more rapidly than that of the magnet which here is assumed to be the 5
principal cause of limitation.

| However, it is also possible to enlarge the image Ip by a factor k, for
example, on rzducing the geometric parameters of the emission lens by a factor i

k. For a diaphragm with a diameter d/k, no decrease in the flux of secondary !
ions striking the image will result from this. Nevertheless, since the elec- §

i

tric field E, is now k-times higher, the limit of resoliution of the lens is

k-times weaker and is 6. /k. The reduction of the diaphragm and the increase ini

!
enlargement of I, at unchanged @ and B, result in a decrease in 6, which be-

-comes 6./k2, while the imaged field is reduced by a factor k. Consequently, it;

‘is obvious that the 1limit of resolution, introduced by the ragnet, can be re- |

duced as much as desired. If the "image cquality™ ic defined as the ratio of ;
the dimension of the observed field to the value of the limit of resoluvtion 6
and if we proceed as described below, the quality of the filtered image wili E

-increase and tend toward a value which it would have at zero 6a.. E
' i
i

’ Finally, let us give an order of magnitude. In the device designed by
@s, we have o = 1cr°, d = 0.4 mm, and, at the level of 1¥, an enlargement of the

v Eimage of the order of 40. With reference to the object, the limit of resolution

i
i
”. iintroduced by the magnet along the edges of a field of 0.3 mm diameter, is /21

bout 0.8 u while &, is of the order of 0.7 k.

c) Aperture aberrations. This type of defect are aberrations in xg, yg,

e g

;\ Pnd %Yo+ They are noticeableonly at the center of the observed field, since
} '

0 ‘t is obvious that they can be neglected with respect to the field aberrations
escribed above.

ol :

) i
52 !
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and, since % and yo become —%?— and —zl—, the aberrations due to the prism will

coincides with P and has a value of about

In addition, when referred to the object, these aberrations are negligible'
with respect to the resolution limit given by the immersion objective. It

should be mentioned that, on reducing the diameter d of the contrast diaphragm ?

|

by a factor k, the limit of resolution of the emissicn lens is divided by &°

i

k
also be divided by K¥¥. These aberrations will thus mever be able to reduce thef

|

resolving power obtained on the filtered image.

AY

1
|
|
|
!
!
|
i
f
i
|
i
t

i
1

Fig.l,
; let us recall the form of the aberration disk in the plane 1§, after cor-
}ection of the astigmatism:

27+ 10m 7,

2

i

l‘ 4 TR oo
t o LAY e - oL - g4
i - (P 16R Yo

f

|

md P =R

It is clear that this disk has the form of an ellipse whose major axis
] .
2 (pig.1L).
In the setup developed by us, this will lead to a limit of resolution on

the object of the order of 0.0L 4, whereas the objective gives a limit of the

brder of microns.

d) Chromatic aberrations. In the description of geometric aberrations, we
: . |

have implieitly assumed that AV is zero.i However, AV differs from zero. Conse-
% 53 | _l




quently, chromatic aberration terms of the type

AV AV AV AV AV\?
\"' a, v 9: v To and Ty’"yo ad ( ) .

are introduced. We will neglect (éy)‘ with respect to the other termo.
'

Taking only chromatic aberrations into conzideration, the intersecticn of
any ray will be given, at the level of C resp. 0 by

AV 1AV AV 1

V2iCY =~z + 2 7 R+ 50 + 357 Ba :

Fyich= -y
and }

: 1A\ 1AV AV o ,

SI(“')::— 1—‘— 2“&—*— R+8 - o + v !

T — = AV ;

[0 = -F it aRE+ T e |
From this, we derive f
' |
. _Z(l) - 20 3 L3 él é&}_ :
, P="ToRTT = CgRTe T, VT Ve .
1
: _y(_Cl—_y(()’)__ﬁs_—-_z;qo»p__gavyo

1= zR = 8 R -

!
t

<
=i

In the radial plane a ray with the equation x = pZ + x(C' ) intersects the plane’

of the abscissa

! 8R 8R 1 AV I Av
Z=———3—vn:c(P) 3 a+3.--—.‘a+8 N o

\ At @ = 0 and % = O, the position of the chromatic focal line will be

ﬁt‘ound readily. The term —%— %V R vam.shes in the plane Z = — SR(x + )

I

which indicates that the Machromatic plane" is incliined to the axis 0'C'. The

V 3 16 R

on introducing the angle y = —g—;—;ﬂ— which; is the half-aperture of the pencil that

converges in any point of the image I, B.n the plane 7 == --8—{{(1 + ) . Thus,

barm -—%— « AV« can also be sli.mina.ted in the plane Z-— — % (1 + {") or,

he plane W, passing througa F (Fig.12) ‘perpendicular to the radial plane and

having a normal which makes an angle w vi’ith the axis 0.C' such that tan w = -%- p

{

; 5l | N




R

A0

major axis, whose minor and ma jor axes, respectively, have the value of

*: 3 AV P AV

: i

N 1
TN

1

Co

‘

i

-}

'

. L:etric aberrations that influence the c$ssover image C' . Since the slit is

is an achromatic plane.

Now, let us consider the total heam and let us be stationed in the plane Ié‘i

where the astigmatism is canceled by the action of a corre~ting lens placed at

the level of C'. A simple calculation, analogous to those made above, indicatesl;

1
i

that, in the plane Z = ~ —5_—%.,{_!- R, the coordinates of the intersection of any |
trajectory will be
~_ S8R 1AV 3 AV
} AP )= qet i ¥ Rt gt W %
. R ® A
y(P)=5_ﬂB 2(5___1:)\ Yo

‘? | (22

| At @ = 0, the aberration figure is limited by an ellipse with a vertical

2 g(s—_—{\;d.T'ﬂ i—(—s—:—’_-)d-v
f

;At a # 0, the a.ber;r'ation figure has the sha;;e of an aigret;t.e term nated by‘ an |
elliptical arc (Fig.15).
]

Q* I
: X
1 .
|

Fig;.15

e) Energy filtering. The value of l—-AVY- depends on the width h of the

rclection slit, on the diameter d of the crossover object C, and on the geo- |

prarallel to the y axis, only the geometxl‘ic aberrations -ert an influence, en-
|

3 55 |
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larging the crossover in the direction of x. It is easy to verify that the
aberrations in o® and B? are predominant at the level of C' . Thus, we have

AV ;
HC = = x4 2007 — 4Rat - BREY ;

s
1

Let us denote by da the maximum value assumed by the geometric aborrations on g
the x axis and let us assume that the ray correspondirg to a zero initial energ#
i{aasses through C' . The ions with ar initial energy o , disregarding the aber-
Era.tions, form a crossover image whose center moves away toward positive x pro-
:portional to @ but whose diameter increases as+/®y as scon as ¢, is less than

Pox The abscissa »; of the extremity of the crossover image, still assumingz

tt.he absence of aberration, located on the side of negative x is given by the

% %0
e = 2R \.—-4A’\/\,.
.-
2 %1 A

Since % varies, x presents a minimum e¢aal to -2 % for q:; = 7 2

relation

H
i

i

at Go1 2 Poa or equal to 2R ?{-L"—gf‘" % = vom if Pu < Pem- L€t X\ be the abscissa

bf the extremity of the crossover i ige on the side of negative x, taking the

|

aberrations into consideration, so that we have
i

|

} ) Za = — dg -+ Ig.

;[f one does not wish to Mlose" the particles on the side of low energies, it is
}necessary to place one of the rims of thé slit into x so bthat ivhe abscissa x
bf the other rim will be

i
' Zp =z, - h,

There axists an initial energy ep,m for which the corresponding crossover

is outside of the slit but in such a mdner that onn extremity stiil touches

the rim located in x,; Pom gives the wulue AV of the pass band. Let 2p be the
j . 56 | ]

|
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ﬂiameter of thia crossover, a diam*er equal to d 11 tv.;- 2 %,, and equa.l to }x
i
,ABAJ Q‘" if Qo < Goa+ The conter of this crossover is located on the abscissa

5. n + d. + p so that the following relaticn is oblained:
&,
: B ] zR%«. =x.+d.+‘p.
9 - - i
K Let us assume, as will be alwaya the case in the following text, that h
iy
L hnd Pos are such that Pen > Pou , fe€e, that 2 = d. Two cases are then in
13
e mstion-
IR For > Pom ’
EN
%, .leieh result in
19 -
26 ﬂ’,_i ‘\/;:1-‘\/1’“ Qo1
B V=@RY?T v -F

....i
- fu<¢m which yields A_v‘ _Pen B
»B_ ] ’ ) ' 2R
26 B 1
' ) w1t Naturally, if cne is not interested in consernng the particles that leave

% the target at low ini%isl veiocities and if an energy band of a width AV is

' lsolated whose center is sufficiently far from the emergy e = O, we will heve |

—— . DS

AV AV b d+d
R‘—"-= Lo .y — s o 0.
2 v h+d+da iee v 2R+ R

{
53,_-4
‘5(\,__1\
:7 fhis goes ba..k to the classical exprealipn' the ray oorrespomiing to eqp of zerd

i

39 ho longer passes through ¢ . |
10 & |
41 The width given to the slit is rulell by the desire to obtain an image of

M2

A3 orm iliumination for the case that t @ object prsesents no variations in

(RN

46
47
i.‘( .

~.puncentration. If the slit suppreas\. sbme rays, shadows will appear on the
Enge (Bibl.25). However, because of tha initial energy dispersion and the

50 }'inito width of the slit, there will necbssarily ve energies in existence for

St -}-hieh the corresponding crossover does npt give comploto pa.ssa.ge ’ 1n which case

I B/ m_-':fJ




" the particles slininsted in this mamer mst not be too mumerous. Unfortunate- .
5. ily, the calculation of the optimum widths for thé 8lit requires knowledge of

* _the disﬁersion law of the initial energies. If this 1is -impossible, it -could be:
Aga.ssumd that the slit must at least pemif; passage of all ioms with an energy

. &Pea; 8ince the jons of higher energy are already partially eliminated by the

‘

i Vcontrast dia.phragn, their contribution to the formation of the image may be less}

;xmvort.ant. However, if ePea is far on this side of the mean emission energy,

! . i

i3 the jons having an energy hizher than eq,. may, despite tne presence of the

RTINS AR

diaphragn, represent a congiderable fraction of the total number of ions that

R ;’.‘om the image. Thus, it would be highly desirable to have a controllable [23

w

2 >311t which would make it pogaible to adjust the value of h during operation.

|
“‘. Nevertheless, ic give an order of magnitude, let us assume that the width |
; bf the slit is such that h = d + d. and that a circular dia.phragm limits to u !
; _:the half-apertum of r,he beam emerging from c. ﬁe> then have *
it

3

} a = Uucosy -¢,.¢ 8 = usind, !
il ere ¥ is a parameter that varies from 0 to 2m cn traversing the edge of the
33, A.;

3 __apert.ure diaphragm. The maximum of the expression JA: ) is obtained fcr
.

oo f = -2— and, consequently, d° = 8Ru’. Fpr the values of 4, V, u, R given above
' and at d = 0.5 mm, we have

n) : ,

W0 Pom = 1 VoIt and P < Pom-

v 9
{ I+ is now possible tu evalun the' order of magnitude of the chromatic

I o
AV i
}'h,wefind——""%xlo ,

6 berrations at the level of the image IA' At ths center of the image I§', the

17 ]
I8 nor and the major axes of the abemtibn ellipse assume, respectively, the

19 i

50 .yalues 0.3 b and 1.3 . In addition, th‘r term in -Av-!- a introduces an aberra-
51.

52 tion of the order of 1.8 u along the edgb of the imaged field. . Thege aberra-~

| s R




Y

;. tions affect an imge at F>3 mgni‘tieation of about I.,O and t.huﬁ, wlth reference

5

) ‘to the object, will be less than C.05 & a.nd thex-sfore negligible with respect

e 00 o2} e s sovemn oomimns

d:o the .limit of resolution of 1 w which is .’mposed by the imrsion lens usad

:\’m

. mtb a diaphragn of 0.4, mm.

v~ © In summtion, it can be stated that the prism, combined with an astigmatisn
0. G
it §compema.+-or, will convert the initial image I, irto a filtered image at the

i2

5 level of 1I¥. This imags will be affectei by a weak distortion. .In addition,

R .
13 pince the magnetic prism does not focus except at about the sscond order, the
l() 1

;ﬂa.nus perpendicn]ar to the mean trajeeto"y will no longer be favored as is the
!
e case for a Gaussian optics of revolution.- It. foll:ms from this that the geo-
-
2t matric loci of the radial, axial, and chromtic focal lines are planes inclined

[3ad H
- e

..:;-.‘bo the optical axis of the system but still remaining perpendicular to the

’5 }udnl plane; this results in a type of field defect supplemented by other field
2%

’"_Abemtiom 1nt.roduced by the ;nssage W;afers. of all these defects only the P
RE ,

™. _field astigmt.ism has a no’oicee.ble influence; in addition, its effects can be
50 -

mde leas noticeable than those o7 the dei‘ects of the initial image.

i 5, Obseﬁation of the Filtered Image
35, N !

37 4 "For a given excitation of the ﬁagh:etic brism, only one type of secondary
: T

39 Hons, after rotation within the magnet, will pass through the selection slit
“l.-blaced in ¢ and will form the image of the object éurface_. This image is
. yirtual and astigmatic. ) |
©..{ a. Correction of Astigmatism
i

o The correction must be preferably e'ffeeted in the vicinity of the crossover

5t F’ 80 that the cemtral region of ine correcting lens can be used to its optimm

AR 59 ] ]
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'

_iextent and that the position of €' 1is infiuenced as 1ittle as possilhe.

J_...L

The stigmaiizer Jj~ an electmstatic hempole of claeaieal type but 6per-

L_J__ :

JC-‘-J-‘):I

_.-4that at the level of ¢, the dispersion of the trajector.ges in the radial

v »ip].ai'le yielded a term 2 RAV
G _1

i *elther smde of its center, on partlcles of differing energy. However, the
12

i3 ,cbmmtic defect which might result from this does not interfere. The ions

which means that the correching lens must act, on

ipaasing from the side of positive x are faster, which means that they are less

e ~§deflected by the stigmatizer, whereas those ions that pass on the side of nega-

i
: étive < are slower and thus more deflected; in all, the trajectories envelop a.

21 lcaustic whose contact point with the axis of the beam is the point of ordinary

i
It

23 __iconverger.ce for a beam of monokinetic particles, except that the convergence

24 4-
23 _will be of about the second order in A:—. Since, in the object space, the

s trajectones ha.ve t.helr footpoirt on & caustic because of the existence of a
27 ichromatic focal line, the influence of the lens modifies the shape of this

3 lecagustic without affecting the ordinary positions of convergence or introducing

i

;5-~ new aberrations.
1___]

*(’ We definitely can then observe a virtual image lozated at the level of If'}
Lb oy

2; —{i.e., quite far in back of 0. To sighii this image, it will thus be necessary

% o ingert behind the crossover C a device of the type of a telephoto lens,

0. |

l-fihich would furnish a real ion image of this crossover.

g2

43 ’ co
[} I
|

"; ) b. "elephoto” System / '

16 l

7
4
9.

The arrangement for observing the jfon image necessarily terminstes in the

50 _|

51,
52

“|image converter described above. The j:ctmn image, resulting from conversion

Jof the ion image, is received on a fluorescen! screen of which :.t is known that

ting unde™ rather unusml condltlons for this type of Lens. In fact, we found
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B 3

l
1
i

P ;“}

[ QI e

“Jthe lmmus ef!iciency is grea.tpr the hig,her the e-xergy of the impmging elec~

i =

Hi(f

trons. Therefore, it weu’d 22 desirable o give the cathode of the converber a

3
3

5—ihighly negative polarization so as to Mve the elentrons reach the screem with
v __) _

7. 'energies of at least several tens of kiloelectron-vults.

s b : A

9 In addition, since the radius of curvature of the trajectories within the

1

10 4 .

1. 1mgtie‘ig is proportional to the aquare root of the energy of secondary ions, thesé

124 - ‘ ‘

’ 12 -jlatter will be accelerated in the emissioisr lens only at a potential difference
14 - :

'; -—jof several kilowolts, so as to miintain a practical order of magnitude i: view

6. g

17.-lof the valuss of the mgnetic field smd ‘the dimensions cf the expérimental

19~ lequipment.

20-
2 When used under these condif.ions, the converter will strongly cortract

g

2T

”wethe ion image, thus reducing in the same proportion the final enlargement at

24

2 -*which the image of the object surface is observed. Any further enlargerr-°nt 2

e S S — - R -

'-’-"'—~of this image encoanters two types of 1imi’oations one of wiich is due to the

iz discontinmua nature of the receiver (fluorescent screen, photographic plate)

5;~--~while the other is due to the resolution limit of the converter introduced by
34

*3'1the energy dispersion of the secondary electrons emitted by ‘the cathode. In

B 2
-:g-—-order to preveut the converter from limiting the resolving power given by the
57|

38
39
40

ji" traction to lower values. The first solution is inapplicable since it would

;s ]
"7'—“*{mean that an image with an extremely reduced field will be observed. Thus, the

—preceding optical system, it is possibleé either to i':"crease the enlargement of
’ ! . .

the ion image ,pmjected onto the convert;er cathode 01; else te reduce the corn~-

6.
it
59
S0 _1
> tho pla.ne eleotmdea & a.nd !‘5 which,

s ‘"Tsecond solution is the only one pqssiblé; in this solution, a postacceleration

of the ions after traveraing the magnet,f will be necessary.

a) Postacceleration. Acceleration of the ions takes place between the
ll pectively ) are brought to ohe potentim}

S | e LT

|



.._lof the mss and to a nega.tive potenﬁi;l -V; a.nd are composed of tm circular ] .

6L

15

as
i6
7
18 .
9
50
51

__lafter the electrode Es is limited by a ¢ylindrical tube with an axis O ¢' which!
| is brought to the same potential as the electrcde Es. After having crossed the

_|plane of this electrode, the “ons will thus move in an equipotential space wheré_

- irgie:: in light optics, the total postacceleration arrangement forms an immersioh

-réyst‘em. This system does not limit ita function to a simple acceleration of

teristics of postavceleration can be readily calculated by the Ganz method.

ithe electric potential variation on the

|is assumed to vary linearly along the a.:lkis. Consequently, the derivative of the

!

U SO |

diaphragms with an axﬁ.s Jd ¢ spaced at g distance A from each othez_‘. The space

they are agitated by an energy el = e(V" + V). Since the square root of the

the ioris but also causes the ion trajectories tc converge. The optiecal charac-

.

~———

g
~

Fig,16

P

Iy is generally lnown that this met.,hod consists in replacing the curve of
{

axis of the optical system by a poiy-

1
!

gonal line where each side corresponds to an interval over which the potential

potential is discontinuous as soon as w# pass from one interval to the other.

The conservation of the electric induction flux thus cauges the appearance of a

52

|

radial component of the electric field Yhis:h wonld _be 1n£mit.§. which is_physi-
L - e

energy of the particles, in corpuscular optics, plays the role of the refractive \

sy



e

AU S

] ._4ca11y il]ngis.a.l but is mathemetically cdnvenient for calculating the trajec-
2. |-

%_Joozfiea. The action o this radial compdnent consists in a pulsavion which pro-
] .
—duces a change in directicn of the partigcle velocity at each passage from one

WL SN ke

—interval to the other. Since, at the iﬁterior’of each interval, the electric

9.-field is uniform and parallel tc the axis s the calculated tra.;jectory in this
i(lj :Lpprondmtion is a broken line whose every segment is formed by a parabolic areci
E” In the postacceleration system of 1nterest here, it is sufficient to use a
:éi;gsingle Anterval, limited by the planes c?f two electrdes E, and Fg (assumed to

9 -be infinitely thin). The resultant appm:dmation will be acceptable since the |
20—
;z marticles never are displaced at velocit‘.ies sufficient.y low for having the
21

17,

hccura.te form of the electric field noticeably modify the slope of the calcu~

25|

2 ated trajectory.

24__] i
25 The ini'luence of postacceleration qn the trajectories is completely de-

20
FAY

‘
i
'

JUPUISN SO VU VUM U U — PR DU S U S i v = v e e o e

:; +scribed by the optical characteristics df the system. let (L and (4 be the

%g ~intersestion points of the planes of the electrodes E¢ and Es with the optical

3. laxis (see Fig.16); let Fo and F; be the foﬂi of the object and of the image,

22

z‘”*while H, and Hy will be the mteraections of the principal planes of the object
4

%’;’ —and the image with the axis. This will {yield the following formulas:
a0 .

3

o (~_\/Y!) Ve
30_ g _ 480 Vi oo gp U A

© - "iﬂl T v \r » Fl'gl =T T T o T

t 2 - 3 3 \, \y‘ .

1L i— V (\ - l) §
i; B «\/ Va_ . »
o A Vo oaa Y v

'1 1 F—— -7 v TRT e et ot e e —— -
’46._14 \ —-l)('\.‘-—l) .
47 . -

48 The conjuzation correlation betweer* an object point P, and an image point

449 ..
... 8 will be !
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i

a e ot o

w4

! r W, Fip; -
;——*The linecv en: argament -E-— has a value of . P° = 'I"::l' . The lagrange-
" ‘0 0 4
’-—{Helmholtz relat.mn '\/\'h‘,a - '\/‘.lh,a, , where @ and @; are the apertures on the
H
‘(5'-"object side and on the image side ’ completes this formula group wh’<h is well
;‘”known in optics (Bibl 21) ‘
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- ‘crosscver C' is virtual and located in G .
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- lcathode. In addition, this lens gives a real image Ci of the crossover C,. If

Do L
\
1

!

- {for example, from Regenstreifts formulas (Bibl.28)..

d“* constitutes the telephoto lens which futi'nishes, of the virtual image 1§, an ion

’--|stitutes the final element of the entire¢ unit for permitting observetion of the

+lens system and furnishes, of the virtual image 1§ filtered by the prism, a

real image I; located nea. the image fo¢us Fy . Conversely, the image of the

b) Projection lens. The image I; has too slight an enlargement to be di-

rectly usable in the converter. It is x:'xecessary to add an auxiliary lens to

the postacceleration system, which will project the image I, onto the converter|

'.he fluorescent screun for receiving the electron image i; placed at the level
j ", the dimensions of the hole in the screen, ailowing passage of the ion
-tbeam, can be the same asthose of ihe crossover A thus, the usetul surface of
+the screen would not be reduced by the presence of this hole.

The projection lens simply is a unipotential electrostatic lens whose

The combination of the projection f},ens with the postacceleration lens

image focused on the cathcde of the com}erter.
|

|
¢. Image Converter !

The image ccnverter is of the type:described above. This converter con-
{

ion image filtered by the magnet. <This ,converter transforms the io- image into

'
i

an electron image which can be observed lon the fluoresuent screen over the in-

termediary of a plane mirror, inclined by L5 to the axis (Fig.23). A

characteristics can be derived from graphs (Bibl. 21) or can be caleulated, [gf_

_— The postacceleration device constitutes the first lens of our telephoto

|
The various devices described abové arm arranged within the optical unit

b b5 |

|
|
|
|
l
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in a.ccordance with the above prmcipa} Sket«.. . he design of the experimental

-lapparatus follows more or leaa the general lines sketched here.

CHAPTER II
EXPERIMENTAL SETUP

[
2
3.

i
5.
4
7.
8.

o
[(E

1 The first problem before even stz=rting the design of the apparatus is the

12

17 |yacuum that must be maintained in the enclosures in which the particles are
1-1

‘: moving., At first sight, this problem seems identical to that ordinarily en-
16 !

17 countered in mpss spectrograr-~y. However, there are some differences which
bl

19 ‘should be mentioned here.

* ~1. Vacuum

¢ In mass spectrography, ion sources are generally used in wnich the residu

"—al pas of the vacuum enclosure can be idnlzed which results in parasite spikes

whose intensity may be comparable to that of the lines of the elements to be
- analyzed. So as to reduce ths intensit;i( of these peaks, it is necessary to
’-'""f produce extremely high and clean vacuumai s 1.e., vacuuns free of hydrocarbon
- |vapors such as might be due to diffus:i»n‘;l-pump lubricants or o degassing of
organic matter. In nur case, the secomiary particles leave the target directly|
in the form of ions, meaning that theirfionization does not require passage

‘' ‘through the vapor plase so that the influence of the residual gas ™in the

(B
¥
19

p tsion either with orimary ions or with séconda.ry ions or electrons; they can
l.” [ :

i3
L
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source" will be quite low. The residuai gas molecules may be ionized by colli-

also be ionized by the phenomenon of cha;;‘ge exchange with the secondary ions.
i

Fach of .hese processes depends on the #requency of interparticl: collisions;

however, in the accelerating space of tk;‘ze immersion lens, where such cvllisions

I 66 3 | ‘



might occur, the cistance between the target ai the electrode A is oniy a few:

,;millimeters. Therefore, it is necessary tnat the mean free path of the

. .particles be large wiin respect to this distance, which doe: not necessitate ;

b

1a

!—1_;

1y
io
e
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wfa.ct that the residuzl gas may react with the material of the target to form 1

~_4

: E;on the residual gas will manifest itseif by the presence of a continwus back-

Iextrmc.ly righ vacuums. In addiiion, it should be mentioned that the ions |
formed by the residua) gas would be accelerated under potentials staggered all i
ra]nng the potential drop between the target and the electrode A, which means
that such ions would be-defocused by the immersion lens and practically elimi- i
‘nated by the contrisi diaphrage.

| However, this reasoning obviousiy does not take into consideration the |
:axu'face films of oxides or of adsurbed gas. During the sputtering process,
'these layers are obliterated as they are formed, giving rise¢ to secondary ions

*which depend on the compound formed. Therefore, it is necessary to reduce ?

:their a*gniﬁcance by working in as perfect a vacuum as possible.

.’ 1

=9 ~ iIn addition, as soon as the ion path lengthens, the diffusion of the ions |

35— ground and by a troadening of the ion tra” ctory pencils. This will result in !

i
33
3G

‘7*"1In addition, if the pressure within the vacuum enclosure rises excessively . i

s
U

W
[

120

“itories may change into neutral atom trajectories ﬁthout change in direction:

“iing the converter (for example), the ions may vndergo a concvraction whereas the|

a lessening of contrast and in the appearance of a haze or blur on the image.
( 5 x 107 ma Hg), the charge-exchange process between molecules of the residua.L
gas and seconlary ions becomes quite speci.t‘ie and causes the appearance of

parasite or ghost images, as observed by Jouffrey (Bibl.23). The ion trajec-

iThus, the ions and neutral atoms will transport the same iacge but, upon reach-
|

neutral atoms will not be subject to such a contraction, thus resulting in two 1
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superposed images on the fluorescent screen.

On the other hand, it would be desirable to have the greatest part of the

ion path contained within a ciear vacuum free of organic vapors, so as to avoid

or at least retard the contamination of the converter cathode, which would lead:

to a lowering of the yield in secondary electrons and thus to a reduction of the

electron image luminosity.

2. Pumping

:realizable solutions without excesszive complication. For practical reasons, we:
also limited our projects to the realization of a vacuum of 10°° mm Hg in

~ the space ahead of the contrast diaphragm and of a vacuum of 1077 s Hg along ;
: !

In our experimental apparatus, we restricived the design to technicaliy

1

[

)

i
i

?t.he ion path after the diaphragm.

It would seem that the use of rubber gasketis to ensure a tight seal of the

ﬁacuum enclosure makes a mechanical shifting of the object especially easy.

i-lowever, the presence of such gaskets limits the vacuun that can be expected.

i

. In additicn, as discussed below, an adjustable gas leak Is used for feeding the:

B

require a vacuum of 107 m Hg but, com{ersely, such a vacuum is insufficient i

jon gun; the evacuation of the excess gas introduced requires auxiliary pumping.
To cbtain a vacuum much nigher than 10°® mm Hg ir the zone ahead of the dia-

iphragn, a considerable increase in the degres of such pumping would be neces-

t

;ary. Using certain precautions, a vacuum of 10°° mm Hg can be rapidly re-
1

]established after introducing an object, thus permitting a irequent vhange of

%

i
I

‘bpecimem and giving considerable experimental f’le:dbiliti to the apparatus.

i
i
i
In front of t*e diaphragm, the secondary ions traverse a distance of only |

few centimeters, which means that their diffusion on the residual gas does {
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' - pump with a capacity of the order of 50 ltr/sec removes the excess gas, intro-

for completely avoiding the formation of a surface fiir on the specimen. x

Downstream of the contrast diapliragm., the realization of a vacuum of

30"7 mm Hg can be expected. In this region of "better vacuum™, the oil vapors ‘
from the diffusion pump are stopped by a liquid nitrogen trap; tightness s en~i
|

sured by indium metal seals and the castings used there are carefully cleansed. |

'Particula'-ly » the use of any organic solvent is prohibited so as to prevent the?
alvays possible propagation of a thin film of organic matter over the surface of
the cleansed castings. Unfortunately, it is difficult to perfect the quality
nf the vacuum by hot degassing since the optical systems used in constructing
the apparatus cannot be subjected to such treatments without damage.

In detail, the layout of the pumping system is as follows: A diffusion !

:duced into the ion gun by an adjustable leak. A fractional diffusion pump, !
éwhose iimit .acuum is 5 x 1077 % rr at a capacity of 150 itr/seé xra;lntains the 5
vacuum in the zone located ahead of the contrast diaphragm, which we will i
T:lesignate as Mobject space®. Finally, downstream or after the contrast dia- i
-;;)hragn, in the so-called ™image space", the vacuum is obtained over the inter- 1
medlary of a fractional diffusion pump with an output of 600 ltr/sec, supple-~ :
mented by a Jiquid nitrogen trap. The requirements of placement cf this pumpingz

,syat.em are the determining factors for the substructure of the experimental

,equipnant .

1

a. Overall Unit and Central Part

p. Description of the Equipment

|

L

] The entire unit is mounted on a parallelepiped baseplate of welded angle
)

%irona. At the center of the baseplate, a cylindrical pipe T (see Fig.l7,
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: ;,hus the risk of leakage. !

Plate VI1) of stainleas amagnetic steel, terminated by two cheek plates, rests
on its lower base. From the lower cheek vlate, the liquid nitrogen trap and
the adaptable diffusion pump are suspended. The pipe serves o3 pumping link
between the diffusion pump and the central part C mounted to the upper cheek
.plate of the pipe. This central castin~ U, made of amagnetic stainless steel,
accommodates an the right the Mobject part", on the left the "image part", and
at the rear the deflecting electromagnet. The air gap of the electromagnet runa
along a horizontgl tongue machined int» tne body of the part C. A groove, ;
milled into this tongue, permits passage of the beam between the pole faces of :
;bhe magnetic prism and osculates over its entire length a bore centered on the .

bore of the pipe T. Two other conduits also end in this bore which, one on t.he;f

f

' _right and the other on the left, permit pumping of the space following the con'-;

trast diaphvagm and of the "image space®. 1In this arrangement, the groove in
which the beam circulates is pumped down directly and the fact that the casting%

C is machined of one block eliminates, as far as possible, the use of seals and'

Machining of the casting C must be done with extreme care since it is used |
t t
as reference point for adjusting the optical axis of the Mobject part™ as well |
! !
as that of the Mimage part® in the plane of symmetry of the air gap. i
b. Object Part

.

The object part (Fig.18 and Plate VIII) comprises the ion gun and its con-

enser, the immersion lens, and the cbject support. These various elements are l

rranged with respect to a central duralumin body D in which the vacuum is pro- |

.

uced by means of the diffusion pump F; connected with the casting C.

e - S

a) Ion gun. The lons used are gene?:‘alyly argon ions and occasionally hydro-l
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gen ions. The gas is introduced through a controllabie leak into a glass am-
poule where a plasma is maintained by means of a high-frequency discharge. The
excitation of the plasma is produced over the intermediary of two copper rings
circli.: the ampoule (capacitive coupling) and connected to a 60-watt high-
frequency source, oscillating at 100 mc. The plasma is brought to a high posi-

tive putential of 10 kv by means of the eizctrode 1 (see Fig.19). The potential

Pump P,
Fig.19
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drop which extracts the ions from the piasma tales pilace between the lower
limit of the plasma, frequently marked by a luminous sheath, and the extracting
electrode 2 breught to a potential which is controilable about a value of ap~
proximately 9 kv. The extracting electrode, made of a small channel with a
constriction at the center, is surrounded by a quartz cylinder which, while re-
taining the positive charges, repels the ions and thus plays the role of a /2B
Wehnelt. The extracting electrode, cut into a duralumin casting on which the
base of the glass ampoule is resting, is fitted into an insulating washer of
araldite which, in turn, is attached to a base B. This base or shoulder carries
the electrode 3, at mass potential, which postaccelerates the ions extracted
from the plasma, as well as a diaphragm 4 having a diameter of 3 mm and limiting
the aperture of the ion beam; in addition, this shoulder is connected, over a
flexible tombac membrane, to the diffusion pump P; which ensures evacuation of
the gas escaping through the ion exit lhole 5.

™he base B rests on a plane milled into the duralumin body D and inclined
by 45 with respect to the axis of the immersion lens. The base¢ is slidable
along this plane, which permits centering of the gun, with vacuum tightness
being ensured by a toric joint. The gun space can be insulated from the immer-
sion-lens space by means of an airlock 6 located directly below the diaphragm 4.

The density of the ions, arriving at the target, must be sufficient to
prevent the phenomenon of contamination which would manifest itself by the de-
posit of a carbonized layer. In addition, the luminosity of the images will
depend on the "illumination® density of the object. Therefore, it is necessary
to insert a condenser for concentrating the ion beam on the target. This con-
denser simply consists of a unipotential electrostatic lens with three dia-

phragms. The condenser is placed as close as possible to the object so 25 to
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give a reduced image of the source hole 5. This will make it possible to ob-
tain an argon ion beam of about 2C pamp having an energy of 10 Kev ond con- /29
centrated in a spot which, because of the inclination of the beam relative to
the target, has dimensions that differ in two perpendicular directions and
measures about 0.5 mm by 1 nm.

The condenser has a fixed position with respect to the immersion lens,
while the gun assembly can be displaced for centering the primary beam on the

target.

b) Immersion lens. The immersion lens consists of an amagnetic stainless

steel cylinder whose base, turned toward the object, is plane, carefully pol-
ished, and pierced at its center by an orifice O with a diameter of 0.5 mm.
Three channels of 3 mm diameter end on this plsue face at 12¢° s arranged sym-

metrically around the orifice O and having axes that intersect the axis of the

Fig.20

orifice by making, with this latter, an angle of 45 . The ion beam arrives
through one of these channels; the two other channels, for the time being, are
used only for eatablishing the symmetry of the electric field but could possibly

be used later for permitting passage of auxiliary bombarding beams.
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The inside of the stainless steel cylinder is bored so as to accommodate
the mounting of electrodes E; ani Eo. The electrode E,, brought to a high posi¥
tive potential, is insulated on a support of araldite. The lead-in for the
voltage goes through an aperture made in the la‘eral wall of the cylinder, while
other ports arranged symmetrically over this wall represent feedthroughs for
facilitating the pumping of this region. The two electrodes E; and Fg made of
amagnetic stainless steel, are carefully polished and can be centered under the
microscope with respect to the axis of the orifice O. Similarly, the contrast
diaphragm can also be 31id under the microscope relative to the immersion lens
assembly. Figure 20 gives the principal dimensions.

The irmersion lens is aligned with the casting G which simultaneously
serves as support for the condenser, in such a manner that the optical axis of
the condenser coincides with the axis of one of the inlet channels for the
primary beam. The piece G is aligned on another piece F which carries the im-
nersion lens and is centered on the casting C. The base of the duralumin body D
engages the piece F and flanges the assembly vo the casting C.

c) Object stage. The objects generally are formed by disks of 20 mm dia-
meter. They are secured in a dismountable cartridge (Fig.21) mounted to the
end of a rod whose axis must be parallel to the axis of the lens. The motion
of the rod along its axis is controlled by a threading, so that the distance of
the object with respect to the face of the lens is controllable and checkable.
The interior of this hollow rod is laid out so as to ensure airtight passage
for the lead-in of the potential to the object.

This shaft is carried by a cheek plate, resting on the rear of the body D
in such manner as to keep the axis of the shaft parallel to the axis of the

lens, which ensures parallelism cf the object surface with the lens face. To
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observe various zones of the specimen, the object must be displaceable in the
plane of its surface. This motion is made possible by sliding the cheek plate
with respect tc the body D, by means of screws attzched to knurlied knobs, in
_two directions at 90° , which can be dora without special precautions since the
image is obgerved at a direct magnification of the order of 25C. Airtightness
is obtained by a toric joint of Jimited compression since the cheek plate rests
directly on the body D.

This plate also ‘ha.s an airlock which permits insertion of the object into
the vacuum enclosure and withdrawal, without destroying the vacuum. The design
of this airlock is quite simple: The hole pierced into the cheek plate for
passage of the object-stage shaft can be hermetically sealed by a movable disk
provided with a toric joint. The object-stage shaft slides along a toric joint
and can be pulled backward. Thus, for insulating the vacuum enclosure it is
sufficient to put the disk in place. A grooved ring permits detaching the
object-stage shaft still pushed down oy the atmospheric pressure. To inser*
the object, the process is reversed. Since there is no forepumping in the gir—
lock, a small amount of air will penetrate into the vacuum enclosure together
with the object. However, this does not interfere greatly; one or two minutes
after operating the airlock, the vacuum is practically restored to its previous
value, i.e., to about the degassing of the specimen.

Finally, it should be mentioned that tie object space is pumped down over
a bore of 100 mm diameter, drilled into the body D. The object part assembly
iz held by the jack V; so that no mechanical effect can interfere with the

centering of the object part on the central casting C.

¢« Electromagnet

S50 as to reduce the surface of the air gap and thus also the dimensions
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of the magnevic circuit, of the excitation coils, and of the electric lead-ins,

the pole pieces of the electromagnet follew the siape of the mean trajectory. /30

Fig.2l

These pole pieces are projected onto the radial plane along two circular arcs,
intersected by two segments of a straight line in RSTU (Fig.22), where the angle
of the normal to each of these segments with ’"e axis of the beam is, respect-
1vely, equal to the angle of incidence and the angle of exit of the beam. So

as to have the magnetic field maintain a sufficient homogeneity along the ion

76



path within the air gap, the difference in the radii of th= arcs RU and §T is

made equal to four times the width of ihe air gap. It ~ .ible t» attach

Fig.22

soft iron wedges to the plane faces projecting along the segments RS and TU,
which vermits setting the angles of incidence and exit to their optimum value .
These wedges are carefully aligned so as to maintain = constant air gap.

The electromagnet is supported or three jis ¢35 by witich the orientation of
the plane of symmetry of the air gar in space can be controlled. The jacks, in
turn, are mounted to a baseplate which can be displaced in two perpenulicular
directions; this arrangement ensurss tontrol of the magnet position wit™ regpect
to the casting C and thus with respect tn the "object part™ and to the  age 31
part® which are adapted to this piece.

The electromagnet is fed by a DU ~ource with an output variabl- @ staxcen O
and 7 amp and a voltage variable between ¢ 'nd 45 v the inten:i*; -+ this
source is stabilized to within a few tenthousanitliis. A mecharic:. -irive of the
control potentiometer permits a regular and slow sweep of thn uvagnetic induction

which thus can vary from O to 10,000 gauss in an air gav c¢f 1 =m width.
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d. "Tmage Part"

The image part comprises the selection slit, the stigmatizer, the tele-
photo lens, <nd the image converter. A duralumin casing K bounds the vacuum
enclosure containing thiz assembly, whose arrangement is shown in the schematic

sketch of Fig.23.

CONVERTER 3 — T ! | ¢

SHIFLDING

Fig.23

a) Assembly. The Armco iron tube H is brought to th: negative potential

of the postacceleration. The image converter is centered a“ cne of the extremi-

ties and is followed by a mirror M which reflects the lumirou: image observed
ion the fluorescent screen E. The mirror has a hole at the cent:r [or passing ?

the ion beam in the forward direction and “he electron beam in th: retura direc-

! j
i‘tion. The fluwrescent screen also is provided with a small nole for allowing

ipassage of the ion beam. Behind the fluorescent screen, the projection lens i
! I
o :@.nd the elements >f postaccelevation are installed. The tube ia capped 4t each,
ad %

lend by a glass washer. These washers are fitted into two flanges B, snd R of

N |
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amagnetic stainiess steel, and ara ciamped by four long reds. The flanges B
and By are fitted into the casing and thus center the tube H. In addition, the
first postaccelerating electrode is attached 1o the flange By, together with
the selection slit and the astigmatism compens~tor. It should be mentioned
that the flanges are perforated so as to permir pumping between tube and casing.

b} Imaze converter. The electrodes of the converter are made of stainless

steel and highly polished. The anode, carried by a sheath which fits into the
tube H, is at the postacceleration potential. The Wehnuit, ingulated from the .
anode, fits irto an araldite disk centered on this sheath.

‘ Inside the Wehnelt, the cathode which is electrically insulated by an
araldite sleeve, can be adjusted in depth during overation. A ccaxial voltage
:1ead-:i.n provides lateral f2eding of both Wehnelt and cathode.

The focusing is done either by adjusting the cathode in depth or by apply—:

.ing, to the Wehnelt, a voltage slightly differing from that of the cathode. Tolé

take up the field cu'vature, the cathode is given the shape of a concave spheri-

;cal calotte whose axis is centered by design on that of the anode and of the

-‘Weh.elt. In addition, so as to eliminate the images produced by a possible

structuring of the csthode, the latter is carefully polished; aluminum vapor

depositicn on its surface greatly improves the secordary slectron emission co-

efficient and, consequently, the luminoaity of the images.

i
!

c) Mirror. The converter ia followed by the plane mirror M which is Opt.l.-.
cally polished to a quarter interfringe ard has a center orifice for passing
Phhe beams. A diaphragm, inserted into this hole, protects the converter anode

’;fmm possibie contact with the ion beam. The plane of the mirror is inclined

|
by 4,5 to the converter axis, which means that the image of the fiucrescent

(
'

‘soreen is reflected at 90° . For observation, windows or aperturss are cut into:
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the tube H and the casing. The hole in the casing is hermetically sealed by /32
a glass port. Since the tube H is brought to a negative potential, an electric
field is presenc between the casing and the tube H which leaks through the hole
pierced into the tube H. This electric field slightly repels the ion »eam on
ite formmrd path and attracts the siectron beam on the return path. The two
effects combine, resulting in a considerable displacemern*. of the electron image
on the fluwrescent screen. This effect can be greatly reduced by attaching a
metal shiel@ to the hole, pushed fairly clcse %o the glass port.

d) Telephoto lens. The telephoto lens system comprises the actual pro-
3ection leus and the postacceleration device. The electrodes are made of amag-
netic stainless steel and highly ocolished, as is conventional for electrostatic
lenses.

The projection lens can be centered under the micros ope although this is
not absolutely necessary. In this arrangement, the central electrode is sup-
ported by three insulating rods which reduces the insulator surface and leaves
the largest possible space for pumping. The three electrodes are housed in a
small casing which fits into the tube H and on which the fluorescent screen is
centered.

The two postaccelerating electrodes are perforated by rectangular holes

along the outer rim so as to ensure better pumpin, of the interelectrode space.

e) Selection slit, astigmatism compensator. The selection slit consists
of two platimm foils, held in place by two stainless steel rims. Originally
stationary, the two rims of the slit were later made mobile so as to permi* an '
‘;adjustment of the slit width during operation.
| The astigmatism compensator is a hexapole of conveniional type. A total of

'six rods of 3 mm diameter are distributed at 60 over an insulating rirg. Each
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twe opposite rods are electrically coupled. The power suppiy is by two 12-v

batteries connected in series and branched to a potentiometer which pen;;its an
adjustment of the magnitude of the correction to be applied. A sine potentio-
meter with three outpvts is connected to each rod pair, thus ensuring control

™in direction® of this cerrection.

L. Power Supply for the Unit

The potential of the object is fixed by a high positive voltage, stabi-
lized to within several ten thousandths and variable from 100 to 5000 v. Be-
Yween the object and ground, a plug potentiometer, with a total resistance of
5 Mi, is installed which furnishes the voltages for feeding the immersion lens
and the projection lens. The fine adjustment of the voltage applied to each of
these lerses is obtained by supplementing the voltage tapped from one of the
terminals by a variable voltage furnished by an insulated potentiometer mount-
;i.ng, coupled to dry cells charged to high voltage.

The cathode of the converter is directly fed by a negative high voltage,

ad justable in kiiovolt steps from O to 50 kv. The voltage of the Wehnelt can bé

regulated bty means of an insulated potentiometer, coupled to high~voltage cell-

A fraction of the negative high voltage, tapped from a plug potentiometer with a

total resistance of 2000 M}, is applied to the tube H and fixes the postacceler-

ating potential.

The pcaitive high voltage of 10 kv, used for extraction, acceleration, a.nd

focusing of the primary ions, is simply rectified and filtered. The various

‘;roltages are tapped from 3 plug potentiometer.

:;m insulated sleeve of araldite. In the image part, the voltage feedthrough
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inswlatcr is of .fritted alumina, brazed to titanium metal castings. Vacuum-
tightness is obtained in the first case by toric rubber gaskets and in the

second case by indium metal joints.

5. Focusing Exveriments

a. Investigation on Focal Lines

We have shown above that tl:e presesnce of stray fields changes the position
of the focal lines produced by the magnetic prism and that the resultant diffi-
culties can be solved by making use of the hypothesis of an equivalent magnet.
The characteristics of such: a magnet are determined from the real magnet, giving
the symmetric positions of focusing. The experimental investigation or the sym~
metry conditions proceeds as follows: Iron wedges plated to the faces of the
pole pieces of the électromagnet permit to vary the entrance and exit angles of
the beam in the prism and thus to modify the conv=rzence of the prism in the two
principal szctions. Two Jdifferent methods are in guestion to obtain the desired
result. The Jirst method consists in first defining the topography of the stray
field in the radial plane and then calculating the trajectories. Such recording
should be done for each angle wedge since the "magnetic faces* are not neces-
éarily parallel ito the mechanical faces. The second method, which we used,
consists in visually displaying the focal lines, which avoids the delicate op-
ération of rlotting and also yields a complete integration of the trajectories.'
First, the angle wedge which results in stigmatism of the prism is defined for
& given position of the crossover. After this, the position of the crossover
9bject must be varied until the symmetry conditions of focusing are obtained.
However, the problem can be made less strict by referring to Hennequin's results

and by using the curves of the stray field given in the literature to perform an
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approximate calculation of the positions of symmetric focusin,.

a) Experimental assemblies. Speaking generally, electron optics is a pro-

cess much easier to handle than ion optics. Therefore, in our first experi- /33
ments, we replaced the above-described object part by an electrocn gun whose
distance with respect to the entrance face of the magnet could be varied, ard
replaced the image part by a fluorescent screen whose distance from the exit
face of the magnet could be varied. However, the resultant assembly has one
serious drawback: The remanent induction of the electromagnet was sufficient to
cause a rotation of the elecéron beam, which resulted in operating conditions
far from those in which the magnet can be effectively used. Therefore, it be-
came necessary to substitute ions for the electrons despite the fact that this
resu’“el in a complication of the detection process.

The ion source consists of the electron gun in which a tungsten filament,
having a lithium aluminosilicate loop fused %o its tip, replaces the convention-
al filament. It is generally known (Bibl.3C) that :uch a filament, when heaied,
emits Li* icns. An ion-to-electron converier, similar to the one described
above, serves as receiver for displaying the focal lines. Ihe photograph in
the Appendix (Fig.2,, Plate VIII) shows the device for detecting vhe focal lines.
The brass tube 1 carries at one end the converver itself znd, at the other end,
?he fluorescent screen. Through the orificz in the tube 1, the mirror 2 in-
?1ined at 1,5° and reflecting the image of the flnorescent screen can be viewed,
?hus showing the hole at the center of the screen for passage of the ion beam.
%be argembly is mounted to a pipe 3 which slides along a toric joint. The
ﬁollow rod 4., extending along the axis of this pipe, feeds negative high voltage
to the cathode; polarization of the Wehnelt, at a voltag: slightly differing

i

arou that of the cathode, takes piace across the tube 4. A spring attached to f
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the tube 1 grounds the anode of the converter by rubbing along the interior bore
of the duralumin body 5. The aperture, milled into the casting 5 is closed by a
traraparent plexiglas sheet. Airtightness is obtained by toric joints, since
the quality of the vacuum is not of extreme importance in the investigations of
focal lines. 1In addition, a plexiglas handle attached to the extremity of the
pipe 3 permits pushing and pulling of the detector assembly and to thus vary :'d:sz1
position with respect to the exit face of the magnet.

The ion focal linc is formed on *he converter cathode which produces an
electron image amplified several times. To have the passage of the ion beam
proceed without intersecting the rays at the height of the fiuorescent s~rzen,
the hole in this screen nust have suificiently large dimensions (several milli-:
meters). Therefore, it is to be expected that the electron image of a given f
focal line will be prevented from forming on this hole and thus cannot be ob- I
served. Fortunately, the stray fieid of the magnet is still sufficient at this
level for slightly deflecting the electrons sco that the image will form octside -
of the hoie.

b) Results. With this experimental setup we were able to determine that
the angie of incidence and the angle of exit of the real magnet was 330" and
thet the radius of curvature was 117 mm; let us recall that these values for a
T‘heoretical magret are, respectively, 26°30' and 100 mm. These data permit ‘
Eproper placement of both object part and image part. In addition, by changing
‘jphe properties of the aluminosilicate, an emission of K" and Cs* ions can be
6b‘bained, proving that the saturation of the soft iron in the electromagnet has
|

?ractically no influenc: on the position of the focal lines.
! i
| b. Preliminary 4djustment of the Converter f
, :
| For adjusting Lhe corverter, the cathode is illuminated with Al" ions ¥
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wéontrast obgerved on the image (Plate I, Fig.c). On hand of an enlargement, itg

kselected because of their high emission intensity). By then varying either thé
éathode depth or the excitation of the Wehnelt, the fei- defects which still
persist on the surface after polishing can be compensated. To obtain the condi{
tions under which the converter would introduce a minimum of distortion, it is g
preferable to electrically couple the Wehnelt with the cathode and to only vary%
the depth of the latter. However, this focusing method is insufficient since

it does not permit checking whether the cur7ature of the cathode properly cor-

rects the curvature of the field and also does not give data on the enlargement

produced by the converter of an ion image outiined on the cathode.

éive a distinct structure to the cathode. For this purpose, a copper screen of

25 i mesh is impressed on a concave aluminum cathode, using a steel ball. The

|
i
i
[
i
{
%
i
|
If the image of the cathode surface is to be reproduced, it is necessary td
|
|
i
l
i

éifference in electron emission on aluminum and on copper is responsible for thel

!

%an be estimated that the limit of resolution introduced by the converter is é
ébout 5 u; otherwise, the image is sharp up to the very edge. A small straight-
%dge photographed at the same distance as the fluorescent screen gives an indi—i
éation (Plate I, Fig.c) that the converter enlarges 16 times. If an icn image t
%rrives on the cathode, enlarged by about 15 times, thz final magnification wil#
%e 250 and the limit of resolution, with reference to the object, will be omne §
%hird of a micron.
»

j Obviously, the spots appearing on the micrograph of Fig.c (Plate I) are due

*o faulty impression of the screen on the cathode or by defects of the screen

|

6. Observation of Ion Images

|

5 The objects used for adjusting the optical system consist of a copper screek
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magnification of the image and measurement of the resultant distortion.

rresged into an aluwninum olock. This permits a direct observaticn of the final.

a. Adjustment of the Optical System 23

As described above, the converter is adjusted by focusing on a few small |
markings remaining on the cathode surface after polishing.
In any type of adjustment of the telephoto lens, a focusing by the emssmh
‘1ens is absolutely impossible since the chromatic fog completely washes out the.
.image. On varying the excitation of the telephoto lens, there will finally :
iarrive a moment at which this lens is sighted on a plane not too far removed ;

from the achromatic plane, which then permits a rough focusing of the image.

- On a minor modification of the nagnitude of the magnetic field, the image will

:shift. In fact, even a slight change in the magnetic field is equivalent to a
.change in the energy of the ions; this will result in a rotation of the tra‘]ec—;‘
;torlas about the chromatic focal line which, in turn, produces movement of the j
;ima.ge. On changing the focusing of the emission lens, the position of the ini-;
itial image Ip is chaiiged and, consequently, the position of the radial focal i
jline L. Ccnsequently, the next adjustment consists in making the radial focal;
Iline coincide with the chromatic focal line. By successive resetting, the ex-
écitation of the telephoto lens can be so adjusted that a slight modification ini

the magnetic field will no longer shift the image, so that proper focusing can |

1

be obtained by varying the emission lens. Incidentally, the progress of a.djusti-

;ment is easily checked by simply noting the improvement in the image which gradT

i
ually loses its chromatic blur. This finally leaves the astigmatism to be cor—f
! |
Irected ty means of a stigmatizer, so as to obtain optimum image quality. 3

j

|

During this latter operation, the fluorescent screen is observed throvgh an;
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: &or visual observation.

Eyepiece wnich magnifies 4 - 5 x. To make the astigmatism correction easier,
the screen object is rerlaced by an object into which small cellz of a high~

emission substance are embsdded (or deposited) in such a manner as tc obtain

brilliant spote contrasting with a dark background. Finally, it is also pos-~
i
;sible to improve the adjustment of the converter since the focusing on the re- {
| i
i

sidual particles on the cathode is not very accurate.
!
The direct magnification of the image on the screen may vary between 180

1

and 300, and the observed field may fluctuate between 0.2 and 0.28 mm. The

'

various magnifications are obtained either by separately modifying the excita-

ﬁion of the two lenses of the telephoto lens system in such a manner as to pro-i

Ject a more or less enlarged image onto the converter cathode while signting

i
face of the emission lens while retaining the focusing of the image on the

gplane T by varying the excitation of the lens. So far as the dimensions of

l

!

: |
-ithe achromatic plane or else by more or less approaching the otject to the first
' |

!

I

i

@he obgerved field are concerned, they are basically limited by the diaphragm

éinserted in front of the converter. The fluorescent screen on which the 1magee

; !
. 1
%re observed is photographed from outside, using a camera which can be retracted

b. Ion Images

|
i .
f The micrograph in Fig.d (Plate I) was taken on a screen object with Al

fions. The black lines correspond to thé absence of aluminum and thus represer’.
&he bars of the ccpper screen. To the upper right of the micrograph, the effects

!
ff sputtering are clearly defined. The copper screen actually has only a

thickness of 8 p; eroded by the ion bombardment, this screen is gradually con-

aumed wvithin a few minutes, leaving an imprint in the aluminum matrix which can
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A5

5e easily detected by a relief effect. In this particular experiment, the
centering of the ion beam on the target is slightly shifted so that the etchingi

pressure can be observed. :
|
‘ #
of the screen appear light on a dirk background and the obtained image repre- i
i
Sents more or less the negative of the imags given by the aluminum. In addi- i
ztion » it is obvious that the distortion introduced by the magnet is negligible
End that the distortion of the projection lens is practically compensated by
&hat of the converter.
f We then investigated a crude foundry A1-Mg-Si allo~, The micrographs :
;(Fig.a, b, ¢, Flate II) show the images obtained, respectively, with Mgfg4,

L at+27 .+28 < s s s - .
A1*27, and Si*®® ions. The precipitates of MgSi, in the forn .7 denarites,

?ppear bright on a black background on the images formed with ilg" and Si* ions,

yhereés they appear dark on the image obtained with A1* ions. On the other [

l
r

ghand, the silicon distribution image shows brilliant conglom:rates whose appears
?nce on the aluminum distrioution image is marked by a more or less pronounced 1
;shading whicn does not appear on the magnesium image; this means that a segre- E
igation ot silicon is involved. In addition, the precipitates do not contrast ;
&ith a completely dark background as is the case for magnesium, which means i
ithat the silicon is also dissolved in the aluminum matrix. This assumption is

confirmed by investigation with an electron microprobe. We would like to men-
tion that these images were taken with & contrast diaphragm of O., mm and that
the shielding had not yet been placed on the viewing port, so that the displace+

ment of the image with respect to the hole for passage of the ion beam through

the flucrescent screen is clearly defined.

b
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—fnatically obtain the distribution diagram cf a given element at the specimen

vjto mind is that of tle resolving power that can be expected of this image.

7. Resolving Power

Obvisusly, the analysis method described here makes it possible to auto-

gurface, in the form of a characteristic image. The first quection that comes

3

|

a. Limitations due to the Optical System [Jﬁ

The resolving power is primarily limited by the aberrations of the optical

system used. This system comprises the initial emission lens, the magnetic
i
}prism, the electrostatic telephotolens, and the image converter. For a given

!priam influences the chromatic aberration image and the aperture defects, which

I
!
|
i
%
|
! |
diameter of the contrast diaphragm, we have demonstrated that the magnetic }
|
! i
rare negligible with respect to the limit of resolution of the emission lens, i
i |
nd that only the field astigmatism aberrations are manifest along the edge of i
i

'rthe observed image. In the apparatus designed by us, for . contrast diaphragm |
% i

?of OJ4 mm and an imaged field of 0.2 mn, the field astigmatism aberrations aloné
|

'the rdge are of the order of 0.5 u with respect to the object. In addition,

rt.hu image converter introduces an aberra.tlon which, relative to the object, is

pf the order of 0.3 w.

I
! The role of the electrostatic telephoto lens is that of projecting the |

filtered ion image; consequently, this lens only introduces a distortion on the
image which is readily compensated by that of the converter. Finally, with a

contrast diaphragm of O.4 mm diameter, the lens system used introduces aberra- !

i

ttions that permit a limit of resolution of 1.1 w at the center and of 1.6 u
i

‘Flong the edges of a field of 0.2 1m. With a contraat diaphragm of 0.2 mm, a

!
1
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1imit of resolution below 1 4 over the entire field of 0.2 mm can be obtauined.
In all this, we have disregarded the chromatic aberrations introduced by the ,
lens L since it is difficult to define to what extent these aberrations limit

the resolution and influence “he image contrast. The micregraph (Fig.a,

Plate 1) taken with A" ions on i crude foundry Al-Mg-Si alloy shows fine Mg,Si

iprecipitates which appear dagck or ithe image, giving an idea of the image qualit
obtained with a diaphragm ¢f 0.2 mm. The microgiaph in Fig.b (Piate I) refers

to another region of the same alloy, but the image is here forme~ by Mg"“ ieng

{ o. Ultimate Resolving Power
i
i

i Another question is that of the final resolving power ob*ainable witn the

‘,a.bove method, beyond the present capacity of our experimental apparatus. By
|
increasing the enlargement of the image given by the emission lens, the limita-

e e e e e e R e

:ftions on the resolving power introduced by “he remainder of the optical system .

become negligible, so that - in the final analysis - it is the itial emission%

{ '

%lens which limits the resolving power. However, this latter can be improved at|
4 !
will by reducing the diameter of the contrast diaphragm, placed in the crossovex"-
|

‘ |
of the lens. Thus, it seems a priori that no tasic limitation exists for Lhe |
i - i
reso_ving power of the analysis; it is a fact thal nowhere in this method do we%

%have anything like the limitation placed (for exaurle) on the resolving power
| |
of an electron probe microanalyzer by the diffuse penetration of primary par- i
!

jticles into che interior ol the specimen; in fact, the incident ions in our

*method penetrate only a few tens of ~ngstroms into the tearget.

f Nevertheless, there is another limitation of the resolving power of the

|

ianalysis by secondary ion emission; this limitation is due to the process used |
1 i

!
|
I
I
|
!

I '
ffor forming the ion image. The ions that contribute to the formation of the
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image are extracted from the specimen itseif. However, nut only is the number .

I

:of characteristic ions produced by a given bomtardment generally lower than that
!

of the neutral atoms sirmitaneously extracted from the specimen but, in addi-

tion, the diaphragm inserted at the crossover of the emission lens permits |
i

pagsage of only a small portion of the emitted characteristic ions. This wouldi

-

T

i _:indicate that the sputtering of a minimum volume of metter would be necessary
:1*,0 obtain a sufficient number of characteristic ions for the formation of each
i*  elemert of the image. This naturally leads to a limitation of the ultimate re-|

solving vower cf the analysis. |
N

~

This ultimate resolving power can be estimated as follows: let ¢ be the

Jimit of resolution and let p % be the accuracy that must be ¢btained for a

I~ -

—--;quantitative analysis of the elementary volume €. At the onset, let us imaginé

l

1o te b la o
p - AN

»: ;the ideal case in which rigorous calibration ecurves make it possible to defin _
;'-;w;.;hc;ut no't;iceabls erro>, the concentrafions of the various elements from the
;:; Eintenaity of their ion emission and where the ion emissions themselves are

3 measured ¥th an absolute accuracy (which means to say that the receiver device%

1

N !
3_lcounts the arrival of irdividual ions); howzver, in this cese the accuracy withi
e |
*5-. which a local concentration can be determined will be limited by the stalistical
3Gy 1
..-. !

37 .ifluctvations tha% affect the number of characteristic ions emitted per element-|
3 H

5‘: ary volume, (luctuations which are equal ts the inverse of the square root of
30

el

41 l,this nuaber of ions. An accuracy of p % in the measuring of the concentration |

.
43.- lcan thus be obtained oniy if the number of characteristic ions emitted per ele-l

44

" -i‘menta.ry volume ¢> is at least equal to 10*/p°. This indicates clearly that the
[$9

]

’: ;essential factor, entering the calculation of the ultimate resolving power, is

” lthe efficiency of production of secondsry ions, i.e., the ratio ny/ny of the ;

i

1

|
!mm\ber ny of characteristic ions contributing to the formation of the image of

Je
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- these corditions, it can be assumed thit, as long as € remains below or squal

: %is given by the relation

This will yield !

a given region to the number n, of neutral atoms simultaneously extracted from .
the same region. This ratio is lower the smaller the contrast diaphragn of the'
emission lens; as soon as the limitation of lateral velocity, imposed by this i

s

diaphragm, is much lower than the mean emission velocity of secondary ions, it
can be assumed that the ratio n;/my is proportional to the surface of this dia-.

phragm and thus proportional to the limit oi rescluvtion of the image furnished '

by the emission lens. :

Therefore, it is not necessary to determine the ratio ny /n, for each value

of €; it is sufficient to determine ny /Mo for one particular caie. The meas- [ﬁ
urements were made for a diaphragm adjusted such that the lens had a resolving '

power of 1 u. Denoting by (Z—') the value of the raticv determmined under I
B o/exp

o 1 B, the "yield of secondary ions® (f’.’.) obtained at the resolving power €

02y

/ll" ny

1 L) =s( ) y where € is expressed in microns.
lo/e fg/exp

A ng mie’
el =\|-] = -
Mo/exp Ngje  NolE)
i
i
+

It ic sufficient to replace, in this expression, the quantity n' {€) by its min-

imal value 10°/p° and to note that mo () is equal to Ke® where K is a constant

representing the number of atos contained in a volume of the specimen equal

ft.o 1 8® (K being of the order of 6 x 10'°) so as to obtain finally the relation

|

{
1
|
|
1
i
|

- ni\"ve
e=10K-tp-12 (') microns,
Ho/exp

: i
The ratio (m /ro)exp naturally depends on the conceniration of the element!
|
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sought; it also depends greatly on the nature of this element and on the na'cure|E

of the compound in wnich the element is contained. I% will be shown that the

ratios (ry /ro )exp, measured in the case of aluminum and of copper, have values,%

L i
respectively, of the order of 1072 and 5 x 1777, i

|

I

o To establish the concept, ws will assume an accuracy of 10% for the qua.ntiwlL

e

': tative analysis (p = 10) thus finding, under the experimental conditions of the

[

* wltimate resolving power of the order of 3%0 A for the case of aluminum and of

i

|

' apparatus {where the extracting field at the object surface is 10 kv/cm), an %
: !

|

|

i

0.35 b for the case of copper. Il is possible to improve this ultimate resolv-
t

mg power by increasing the electric rield of ion extraction. 1In fact, by in-

o)

- }creasing the extracting field and by adjusting the diameter of the contrast

= ;fdiaphragm ix such a manner a3 to permit passage only of ions whose lateral

Ve H

9 ;'energy is equal or below 1 ev, for example, the limit of resolution of the
et - |

. oo
- :emission lens can be improved without reducing the number of jons participating;

f i
‘iin the formation of the image. Let us mention that, on returning to a limit of|
I i

resolution of 1 for the emission lens, the diariragm of this lens will permit

v
+

"'fpassage of ions whose lateral energy is above 1 ev so that there will be an
-

i
:
1
'

f
i
i

. ( ‘increase in the number of ions contributing to the formation of the image. For§
20 L i ‘ i
lthe same rate of sputtering, this leads to a higher ion yield (5") . One can!
{ exp

Ny

ialso hope to increases the secondary ion yield by a suitable selection of the

]
]

bombardment conditions: nature, energy, and angle of incidence of the ; <dmary I

particles. As it is, this resolving powe= is already clearly superior to that

obtained with an electron-probe microanalyzer lor the case of solid specimens.

§
" However » it will be shown later that the electron~probe microanalyzer remains

|

|

5, superior for an analysis by secondary ign emission so far as the possibility of!
!

<

)0

|
{accumte quantitative analyses by convenient methods is concerned. I
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--cylinder coupled to a DC amplifier and an oscillating capacitor. The Faraday

CHAPTER III

SOME RESULTS ON SECONDARY ION EMISSION

S0 as to have the above-obtained images of ion distribution become useful
for microanalysis, it is necessary to conduct further studies on the basic
characteristics of secondary Zon emission. For this purpose, a measuring and |
recording device for secondary ion currents is substituted for the Mimage part";

the apparatus can then be used asz & simple mass spectrograph.

1. Experimental 3etup

Measurement cf the secondary ion current is made by means of a Faraday

l

icylinder is protected by a metal shield brought to a slightly rnegative potentiai
. !
80 a8 to repel the secondary electrons produced by the impact of ions on the
walls of the enclosure or on the base of the cylinder. A slit is placed in

front of the assembly, at the level of the crosscver image; its width is regu- ’

'

lated by taking inte consideration the aperture defects affecting the crossover,

The measurements are also made by limiting the "lateral energy™ of secondary i

ions to about 1 ev by means of a contrast diaphragm, placed at the crossover of |

‘the emission lens. A recorder, coupled to ithe DC amplifier, permits a direct i

;‘t.racing of the spectrum of the analyzed material., |
|
i2. Secondary Ion Emission

| 41

It would be quite difficult to give a detailed and complete view over the

iphenomenon of secondary ion emission. In fact, excluding studies on the re-
iflection or the diffusion of primary ions by the surface of the -targst, very |

i

|
|

AL




f;t‘ew reports have been published on the emission of characteristic positive ions.:‘
iVeksler and Benjaminoviteh (Bibl.9) demonstrated that tantalum targets and |
I1')icke1 targets emit, respectively, Ta® and Ni* ions when vombarded by Cs' ions

of 0.4 to» 2.8 Kev energy. Thelr experiments demonstrate that the phenomenon

cannot be justified by a formula of the type given by Sana-Langmuir:

N. < . .
Ny TPy Vi)

t
i
|
|
|
there Ny and N., respectively, are the numbers of secondary atoms and extractedi
ineutral atoms, while ep is the work function of cne eiectron of the metali, Vi :
is the ionization potential of a neutral particle, and T is the absclute tem-
lperat.ure of the target.

These authors actually determined a real yield which, for tantalum and

nickel, was 10’ and 10° times higher than that indicated by the above formula.

" iHowever, this formula refers to the thermal vaporization of ions so that it is '

{not surprising that it is inadequate for the case of sputtering, where the

1 .
iejection velocities are considerably higher. It should be mentioned also that,

{ ~

if the concept of a thermal process for explaining the phenomenon of secondary

i !
jlon emission is retained, it does not seem that the mean temperature of the ;
;ta.rget world have to intervene directly. In fact, the impact of a primary ion

t
iProduces a local heating of the crystal lattice which is resorbed by collisions

Ebetween jons of the lattice and then, after a time equal to the lattice - elec-
{tmn relaxation time, by electron conductivity. Therefore, it seems more logi-
i;cal to use a Mlocal temperature" of the lattice. Other authors (Bibl.9, 15)

]observed the emission of Be', Mo', and Pt' ions sputtered from targets composed

ilof the corresponding metal. In the case of platinum, Bradley (Bibl.1l) spe-

%cii‘ica.lly was interested in ions originating in compounds formed from pla.tinum,;
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from *he viewpoint of his study on surface reactions. However, the nature of
secondary ions may occasionally vary within surprising limits; thus, Honig
(Bib1.12), in bombarding a silver target, found an impressive series of second—«
ary ions where the Ag ions accompanied, in equal quantity, the K and Na* 1ons§
which would indicate the absence of specificity in secondary ion emission.
Our experiments naturally do not. pretend to give a complete solution of theg
i

problem. We experimented only on a restricted number of elements and combina-

1

tions of elements and under insufficiently varied conditions. For example, t.hez
apparatus used had basically been designed for the production of images which
rade it impossible to vary the conditions of bembardment. The 3pecimens were
bombarded almost exclusively with argon ions, arriving at the target under an
é.ngle of about 30° and with an energy of 7 Kev. No special precautions were
E“t.aken for verifying the composition of the incident ion team. The scurce of
;projectile ions is simply Mrinsed" with argon for a certain time. Laboratory
:measurements (Bib1.27) showed that the energy dispersion of primary ions, in
‘relative value, should be of the order of 5%.

However, an experimental setup produced in the laboratory (Bibl.28) made 1t}
‘possible to becmbard the target with neutral atoms of argon having an energy of ‘
about 10 Kev. We were thus able to verify that the impact of fast neutral atoms
‘produces sputtering of the target, under the emission of characteristic second—%
Eary ions. We also obtained distribution images, which would indicate that it ;
;jis perfectly possible to substitute the bombardment with primary ions by a
i
ibomba.rdment with fast neutral atoms. From the theoretical viewpoint, this

é*"esult, is of interest for understanding the mechanism of secondary ion emission}

m fact, it is possible to confirm that the mechanical conditions of impact of |

the primary particles on the target are responsible for the degree of 1on1zation
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-of the type M'" and molecular ions of the type ¥ , although in a much weaker

of secondary particles and that the charge of primary particles does not inter-|
vene in the ionization process. ’

3. Pure Elements

a. Nature of the Ions

Generally speaking, a metal M principally em‘ts M atoms. If this metal is

compused of a mixture of isotopes A, B, C, naturally A, 5, C" ions will be

ébtained since the abuniance ratios are maintained; this is shcwn, for example }
{Fig.25a), by the recording for magnesium which, as we recall, nas three iso- ‘;
%ms Meg?*, Mg®®, and Mg’® whose respective abundance is 77..%, 11.5%, and ;
;11.1%. Besides these simple ions, there are also ions carrying multiple chargesl

iproportion. Thus, an aluminum target will yield AT

{
» AU, ALY, A%, A3 !
éions. If the height of the spike Al" is taken as unity, the intensities of the;
fcor'resp)nqd:\’.m:x spikes will, respectively, be 4 x 107*, 1072, 1.8 x 107%, and *!
3 x 107,

a) Secondary ions with several charges. The intensity ratios of the peaks

iAl" and AI**" to the peak AlY, given above, are directly measured. Since the -

4 |

i
>+ +

jicns A" and Al carry, respectively, two and three elementary charges, the ’

|
i 1
ratios of the number of doubly and triply “onized atoms to the number of singly|
1 f

i:'.onized atoms are obtainred by dividing the intensity ratios, respectively, [?g
i‘by two and three. 1
1 Otherwise, the filtering of ions in accordance with their M"lateral energy" !
%proceeds dﬁferenth, depending on whether ions with a single charge or ions i
§with multiple charges are involved. In fact, the proness is exactly as though l

!

;the ions of the type ', on leaving the target, had a potential p times higherE
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than that of the simple ions, so that, provided that eg.,a is the maximum energy
of the simple jons which pass through the diaphragm without being stopped, the |
ions of the type ¥* with an energy pP*€Pos also pass without being stopped. ;

In the ratics given above, we thus counted the ions Al and A1**" having .
energies twice or three times higher than those of simple 1ons. This is furtheé

complicated by the fact that the energy dispersion of the prism is independent

1
v
1
[
‘

of the charge carried by the ions and that, consequently, a portion of these
jons with higher energy is eliminated by the selection siit.

It is possible to observe the images given by multiply charged ions since,

in the electrostatic optical system used, the trajectories ave independent of

‘the charge-to-mass ratio of the ions that they contain. With the screen cbject;

yhich we had used before, the image formed bty the AY" ions is completely i

identical to that obtained with Al" ions. Since the A1'" icns Msee" an electrie

field twice as intenseas do the A.° ions in the accelerating portion of the .

lens, one could believe that the image obtained with Al*" ions is of a higher
quality. However, this is not the case since it was demonstrated above that thg
contrast diaphragm permits an integral passage of ions having a lateral energy ‘

twice as high; the resolving power of the lens rem=ins unchanged.

Let us finally note that an element composed of a mixture of isolopes A,

B, C may yield A'™", B'", C'" ions 1In the case of magnesium, it can be con-
{

?irmed that the isotope ratios are the same as those measured for simple ions.

b) Molecular ions. If an element is composed of an isotope mixture, the

;
.3
bblecular ions are formed by the association of various isotopes among them-
|

iselves. For example, the two-to-two combinations of three isotopes A, B, C
|

lgive six possible groupings for ions of the type M*:(A - A)*, (4 - B)",

| .
a-¢), (B-B)", (B-2C)" and (C - C)". For the case of magnesium, Fig.25b
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shows a recording in which the rasses 48, 49, 50, 51, and 52 appear; however,
4t will be found that there are five spikes insicad of six which no doubt is
due to the overlapping of the masses, meaning that the mass 50 can be produced

by the combinations (Mg™* - Mg%°) ana (Mg®® - Mg°%).

|

%

i

L.

&

L

!
§ Fig.25
|

'

The images formed by the M ions are easy to observe. For example, using

tthe screen object we were able to observe an image made with Alz® ions similar '

‘:‘to that given by the A1' ions. This indicates that the molecular ions origi-
%nate directly in the object or at least that they are formed in the immediate
évicinity of its surface. Naturally, it can be conceived that ions of the type
Mf are produced by the association of an M ion with a neutral atom M or else
;‘by the association of two M ions, followed by neutralization of a charge, or

ifimlly by the ionization of a molecule Mg; however; these various processes -
i

’if they actually do take place - must occur in the immediate vieinity of the

1
i

{surface so as to make it possible to obtain an image.

i
y

i
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b. Energy Disrersion

The recording in Fig.25b shows that the separation of consecutive masses
is imperfect and even that, in cases of simple ions, each spike is extended by
a ".ail" on the side of increasing masses. This is due to the fact that the ‘

contrast diaph.agm of the emission lens limits only the Wlateral energy™ of
j
secondary iors. The ions, leaving the target perpendicularly to its surface, |

pass throug: the contrast diaphragm, no matter what their energy might bve. Thei
selection slit of the spectrograph isolates an energy band of the order of abou?
10 ev. On measuring the secondary ion current at various excitations of the ;
ﬁagnetic field near the value given by the maximum of a spike, the order of |
1magnitude of the energy dispersion of the sputtered ions can be evaluated. For%
%xample, for lithium, the Li*7 ions with an energy of about 70 ev yie 1 a cur- }
<' |

rent 100 times lower, while icns with an energy of about 270 v will yieid a

current 100C times lower. In the case of aluminum, the currant is about 30 /139
| ]

times lower for ions raving an energy of the order of 100 ev. |
f To understand the pienomenon of ion emission, it would be highly useful to

know the energy distribution of secondary ions. Consequently, it is necessary
; ‘ !
‘to collect all ions emerging from the target and to analyze their energy. How-!

! |

iever, in our specifis arrangement, the ions are partially stopped by the con- §
ﬁrast diaphragn. Under the hypothesis that the emission takes place in accord-?

!

ance with a law of the same type as lambertts law in optics, we were able to
|

demonstrate that the attenuation ccefficient introduced by the diaphragm is

g |
2455-; thus, it is possible to compare, for example, the low-energy intensitiesi

| |

With those measured near 100 ev. However, the results of such a comparison ;
l

|
‘have only an irdicative value since the emission does not necessarily take ?

i
i
|

i
i

\
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- ithis value. As to aluminum, the ions near 100 ev would be three times more

Epla,ce in accordance with Jambert?s law and since, in addition, the effect of

J
|
discrimination introduced by the orifice O of the electrode A on the ions comim;t
. !
from the edge of the image field is disregarded. Thus, for a given initial i
' !

j

knergy €Pp S ePoy, all ions emergine from the center of the field are able to
pass through the orifice O no matter what threir angle cf exit ap, might be,

|
EWhereas this is not at all the case for ions emergirg from the edge of the ?
ifield. :
: Under thicse restrictions, let us use the values given above and et us Lhé%
|

i

i

écalcula.te, using the above values and assuming 1 ev for e9,, , the real intengi-
%ties of ions whose initial energies fluctuate about a value of approximately
100 7. In the case of lithium, it will be found that the ions near 70 ev would|
;}"”'e an intensity of the order of seven tenths those of the low-energy ions and
i

}that the ions near 27C ev weuld still have an intensity about three tenths of

|
|
|
!

i ‘
numerous than those congtituting the spike At

i

?“ These values are far from agreeing with those given by various authors.

iPI‘hus, according to Stanton (Bibl.10), the Be' ions originating in a beryllium
;specimen bomks ~ded by Ne' ions of 1000 gv energy are mostly emitted between 5 |
iand 10 ev but certain ions have energies above 200 ev. Similarly, Honig |
.Z(Bibl.lZ) found an energy distribution presenting a maximum at 2 ev and a half-%

Ewidth of 2.5 ev for the Ge* ions emitted by a germanium target under the :'xmpacti
:jot‘ Kr* ions of 400 ev energy. Presumably, this is due to the fact that, in
I!’ohese experiments, the energies of primary particles were much lower than in i
Eour experiments., It should also be mentioned that the manner used in collectiné
i
x

Ethe secondary ions on emission in these various setups is responsible for the

ifa.ct that a portion of the fast secondary ions might be eliminated: no specific;
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indication is given whether tnis had beern takzsn into account.

c. Emissivity of Various Elements

The first information available for a comp-..."n of the emission of second-|

ary ions of various elements is that obtained by measuring the intensity of M

don curren*, under equal conditions of primary bombardment. Since the filter ;
effect of the emissi. ' lens is the same for all ions of the M type, the com- :
! 5

parison of obtained values would, in all strictness, have to take account of the
fact that each elemen. has an initial energy distribution of secondary icns ;

characteristic for it. Nevertheless, it scems likely that the dafferences in |

‘the energy distributicn from one element to another are not sufficient to be- |
lieve that a rough comparison of the obtained valu:s might be absolutely wrong; |
: !
;in addition, if the luminosity of the images 1s the prime purpose of a given E

investigation, such a comparison will be entirely sufficient. }

j In classifying the elements by decreasing order of "emissivity", the follcx+
{ing list is obtained: Al, Be, Li, Mg, Fe, Ti, Zn, Ni, Cu, Ag, etc. To give an E

order of magnitude, let us indicate that the intensity of the A1" ion current
i

!

res amp, under equal conditiors

4= 3 x 107 amp and that of the Cu -1t

icns 8 x 10

of primary bombardment. %

; The bombardment of other elements, such as carbon (graphite), silicon, or 5
§germanium, also excites the emission of characteristic ions. .% shouid be
hentioned that C,* ions are obtained on graphite and that, on the other hard,
|

'silicon readily yields ions of the Sii and 3i3 type.

j Besides determining the intensity of the secondary ion current it is or
iinterest to define the yield of ions for each element, i.e., the ratio of the

'

‘number n; of secondary ions to the number n, of neutral atoms which must be
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-;:putt.ered in order to produce this ntmbér of jons. The ratio ng/ny enters the
ultinate resolving power and also enters the theory of emission. Specifically,;
if i.ie enerzy distribution of the ions could be compared with that of the
heutral atoms and if the varia®ion in the ratio ny/ny with the initial energy
Y ;:f the particles could be defined, we would have - for esch ejection velocity -
-;t,he probability that one atom leaves the surface of the solid in the ionized

state.

d. Measurement of the Jon Yield i

Measuring the real value of the ratios n; /ny is not possible with our set-

.

12
o |
i

up; in fact, the real value of the number ny cannct be measured since the con-

23
5

25
26

~%rast diaphragm eliminates all ions whose Mlateral energy®™ is higher than a
. i
: s:cer'tain value and since thez selection slit permits passage of enly those ions

.1 - - - .- - - - -

contained in a certain energy band. However, the number n; measured by us is

28

|
| !
:; “ps inler:st since it is the number of ions that effectively contribute to formaT
~‘ ) ’ I‘
tion of the image. I
i
}
|
i
l.
!
I

b

The measurements of the ratio ("—‘) were made with a diaphragm that
exp

ngy

R

31 .

; “limits ths lateral energy of the ions to 0.8 ev and with a sclection slit that
20 .

37

2n ’{passes an energy band of about 12 ev.
39
W

13 -

;“I

% The number np, of neutral atoms is measured by sputtering a known volume of%
| tter. For example, it is possible to vacuum-deposit a pellet of a metal a onE
:7’ "8 solid bage consisting of a metal B. The diameter of this nellet is taken les%
:Z %than the diameter of the field imaged bv the emission lens, so that all ions 0
ﬁ rmerging from this psllet are collactad (up to the ions eliminated by the cia-
s‘(). phragm and by the slit). Let Py and ¥, be the specific masa and the atomic

;], mass of the element A, and let N be Avogadro's number; the pellet of volune V
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~ =N toms.
YR atoms

contains
To measure the number n; , the mass spectrogravh is blocked on the line At
and the ion current is measured until complete disintegration of the pellet,

which is indieated by an abrupt drop in the ion current. The amount of elec-

'

H

tricity received in the Faraday cylinder gives the number of total ions produced

by the sputtering of a volume V of matter. This amount of electriciiy is simply
measured from the area of the curve representing the intensity of the jon cur-

rent as a function of time, obtained directly by means of the recorder.

We made measurements of (’.'.‘i} for two elements, copper and aluminum.

. Nyl enp

The vacuum-deposited pellets were of a thickness of about 5 ¢ and a diameter of
* 0.5 mm. Uider the above experimental conditions, we measured an ion yield of
~ “the order of 107 for aluminum; this yield dropped to about 5 x 1077 for

R +83
u

icopper. The copper value concerns only “he number ny of C ions but, from

: the practical viewpoint, this is the only datum of interest since the two iso- 5

‘topes Cu®° and C®® never contribute simultaneously to the formalion of an

. 8

. 'image. Taking the isotope Cu’> (29.9%) into consideration, the Cu' ion current!

" would be 1.1 x 107*° amp.

According to these data, it is possible to calculate that there are three
: i
ftimes more copper atoms than aluminum atoms extracted per unit time, wiile the |

Cu' ion current is L50 times weaker than that of Al" ions. From these measure—i

18] !
ments we can also deduce that tie sputtering rate is 250 f\/sec for aluminum; '
|

I

under the same conditions of bombardment, copper will sputter at a rate of i

3 570 k/sec.
o

[

o ke Alloys

) |

) f I alloys, the phe»omena are rather complex. Proportionality of the
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“—of pure aluminum. If ‘he secondary ion yield is the same for pure aluminuwm as |

" 4ense in the alloy than in the aluminum. In view of the limits of the hypsthe-!

:secorxda.ry emission intensity to the concentration of an element is far from
1
being a general rule. This proportionality can be approximately proved for the,

‘cese of Ni-Cu alloys, and also is present for a Al-Cu alloy w~ith i4¥ coppev,

+63

when ccmparing the emission of the Cu ion in pure coprer arni in the alloy. |

Howewer, on passing to a Cu-Al alloy with 5% aluminum, the cu*®® icn emission

is about 10 times more intense than on pure copper while the A1’ ion emission

is oniy two times weaker than on pure aluwinum.
It is not surprising that the 41" ion emission varies only from singlc to |

double when passing 1o the alwminum alloy. In fact, in a Cu-al alloy with 5%

aluminum, roughly one aluminum atom is present for every eight copper atoms.

'If we assume that the sputtering rate of the alloy is of the same order of mag-f

- nitude as that of pure copper, there will be threc times more atoms extracted

;Ifmm the alloy than there are atoms extracted from the pure aluminum during the:

t

%aluminum atom, there will be only three times less aluminum atoms extracted '

f '
ifrom the alloy per unit time than aluminum atoms extracted from an object made -

{
for the alloy, there would have to be an Al' ion current three times less in- ‘
- |

1

‘ses established on the rate of sputtering, on the magnitude of secendary ion
|

bield , ard on the accuracy of measurement, the estimate made is acceptable. ‘
; 1

lConversely, an increase in the Cu' ion emission is much more difficult to underd

stand if the mechanism of secondary ion emission is not accurately known.

This phenomenon is not unique and occurs also in Cu-Be alloys with 2% l

?beryllium (one beryllium atom for each sevan copper atoms) where the cu*®?

ion

lemission is 50 times more intense than in pure copper. i
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Let us also mention that the rati: of the 4l3 ion current intensiiy to
that of the Al' icn current is 8 x 107° for pure alumiuum and 6 x 1672 for the
Cu-41 alloy. This fact is singular since it seems to suggest the idea that the
aluminum atoms are grouped within the alloy. How=ver, it is generally admitted
that, uUp to a concentration of about 8%, aluminum is completely miscible in
copper. 5S¢ as to eliminate, as far as possi™’e, the hypothesis of aluminum
atom groupings within the ailoy, two different specimens were subjected to dif-i
ferent thermal treatments. The specimens were heated to 50C°C for 12 hrs, after
which one was cooled slowly and the other quenched.

In addition, in the hypothesis of a perfect solution of aluminum in copper;
it must be admitted that the grouping of two aluminum atoms within the A1} ion ;
:cannot be due to their close neighborhood within the crystal lattice but must |
#e due to a later association of two Al* ions or of one Al ion with one neutral
j : ;tom. This makes it difficult to understand that one or the other of these .
-processes aould not ce sensitive to the density of aluminum atoms existing in
ihe lattice and tnat the ratio Al;/Al+ would not be affected by this to a
“greater extent.

It i3 possible to formulate still another hypothesis for explaining this %
;phenomznon: The sputtered material rebounds from the electrode A and is de- [kl

posited on the target. This leads to a continuwous formation of a layer which ;

1 i
will be much richer in aluminum than the alloy in question. As soon as formed,:

|
ﬁhis layer is destroyed by the primary bombardment, yielding Al* and Al ions.

}lf this origin of aluminum ions is considered correct, it can be understood

|
|
|
i . i
‘that the ratio Alz/A1" undergoes only a minor change, Lut it could not be underf

|
|
i
|

l
'stood why the Al' ion emission should be that strong. In fact, referring to the

imicrograph in Fig.26, the bars of the screen are black; this means that the
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-'- -concluded that the Al ion emission can definitely not be due to a "redeposi-~

"“emission of copper over the alloy.

aliuminum deposit on the copper bars does not give an emission comperable to
ihat of the pure metal.

To corroborate this finding for the case of the alloy. we investigated the;
images of the alloy surface, formed by Al3 and Al" ions. The objects were |
frepared as follows: A screen of 25 1 mesh is plated to the polished face of a%

pellet of the alloy in question; copper is then vapor-derosited through this

i

1
screen. On removirg the screen, small squares of copper are left on the surfacé
' i

which align themselves into a screen of 254 mesh. On forming the Al* and Al3
images of such an object, two identical images will be observed; the squares
hppear completely dark whereas tne alloy surface net covered by copper appears %

light and traces a screen with light bars of 25k spacing. From this it can be;

tion® of aluminum on the target. j

+83
u

Let us note that the image formed by ihe C jons shows a screer. whose

Il

bar- are lighter than the squares separating them which, nevertheless, are

formed of pure copper; this yields a direct image of the enhancement of the

For an alloy with 1% aluminum, we also found a higher copper emission of

‘

. 'the image, but this enhancement was less than before. In addition, the AL ioné

%till give an image despite the fact that there is not more than one aluminum
{

!

|
pbom present for each LO copper atoms; for the case of complete miscibility of !
|
|

f
bliminum and copper, this is difficult to understand. Naturally, it wculd be

!
necessary to study these phenomena on a much more extensive range of alloys.
|

In conclusion, it might be stated that the laws which correlate the ion

ﬁntensities with the composition are far from simple, at least wherever it is

\

hot a question of neighboring elements or of isctopes; as long as such laws
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will not have been derived in a rigorous form, an empirical calibration will be
necessary. Therefore, it is difficult at present to make definite statements
on the exact possibilities of a quantitative analysis; the situation is some-
what similar to that obtained in light spectrography where the use of an empiri-
cal standardization by means of control alloys, naving a composition cisse to

that of the experimental alloy, is practically indispensable.

5. Composite Materials

Up to now, we investigated only a few compounds, mainly alkali metal
halides and oxides.

Alkali metal halides give an intense emission of the metallic ion. Thus, -
‘the chlorides of sodium and potassium and the fluworifc cf lithium emit, re-
spectively, Na', K, and 1i' ions; for example, the Na* ion current is of the
"’order of microamperes. An emission of C1° and F~ ions also takes place.

In iron oxides ard copper oxides we observed the emission of 0 and 05
dons. In addition, the emission of the metallic ion is more intense in the
oxide than in the pure metal. Thus, the Cu ®® ion current is about 10 times
imore intense in the Cu0 oxide than in pure copper. Since this is probably due
it.o the M"icn character™ of the bond in the oxides, it must be expected that an
;emission of O ions takes place; actually, this has been found to be the case. ,
%We should also mention the existeace of molecular ions of the type (MO)*, formed
Sby the association of an oxygen atom and an atom M of the oxidized metal.

E Let us mention also that a specimen of aluminum, containing nitrides, will

1

i
!
|
{
iyield N; ions. ‘
! |

ij The statements made above on the subject of allovs as to the possibilities!

}of a quantitative analysis apply even more to this particular case. This
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should suggest a certain caution in the interpretation of the images. Never-
theless, the dependence of the ion emission on the chemical bonds might, in

some cases, yield data on the structure of a given compound.

6. Identification of Eiements

The fiitering produced vy the magnetic field extends only to the specific
:charge ef the jon, i.e., to the charge-mass ratio. lcns of differing nature
;out having the same specific charge will pass together through the selection
8lit and will yield superposed distribution images. This raises the question
:a.s to the possibility of some confusion resulting from this.

Considering only the simple ions ccrresponding to all isotcr s cf the ele-
ﬁxents in the Periodic Table, the apparatus will give akout 200 different
:"a.nswers"; because of the fact that each ion iu civ. acterized cnly by its mass,
Rhis information is insufficient for identifying. "Lthoutrri&x of error, all
;ions that a given alloy is able to exnit.

In fact, different elements may have isotopes of the a.. ...s. For

bmmple , in the case of nickel or of iron, the mass 58 can be produced either

'
b
I

%’by the Ni*®® ions or by the Fe'®° ions. However, if Ni' ions are involved, /42

1

{

;duced merely by a factor of about 2.5 (naturally, this means that no isotope
|
lhepara.‘r.i.on takes place within the specimen). If iron is involved, the inage
|

i
rnade by ions of mass 60 will not appear. The indeterminacy , ia most of the

icases s could thus be resolved by a control relative to the isotopes.
!
However, the main difficulties are produced by the presence of molecular

|
1
|

iions and of multiply charged ions. The molecular ions introduce a series of

hasses which are superposed to those of the simple ions; multiply charged ions,
|
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*- posed will make it possible to define the distrihution of the carbon. If the

- the bond. Finally, if the carbon and magnesium are uniformly distributed one

ﬁepending ori the cases involved, may yield already existing masses or "fraction-
al masses". For example, magnesium gives rise to the mass series 12, 12.5, 13
(doubly charged iona). 24, "5, 26 (simple ions), 48, L9, 50, 51, 52 (molecular
ions formed or two atoms). Thus, the reszarch on carbon in the presence of
magnesium will be especially difficult since carbon gives the mass series 12, i
13 (simple ions) and 24, 25, 26 {molecular ions formed of two atoms). {owever,é
even in such an unfavorable case it will always t= pogsible to compare the E
masses 12.5 and 48 so as to confirm the distribution of magnesium which, for ‘
the two masses, should present identical images. If the magnesium and carbon
gre not associated, a comparison of the distribution image of magnesium with

one of the images in which the distributions of magnesium and carbcn are super—ﬁ

carbon and magnesium are associated, other factor: may be in question for \
facilitating the investigation, such as the presence of molecular ions vhich
Teflect the nature of this association, or the increase or decre:~e in the

emigsion of one or the other of the two elements depending on the character of i

in the other, the distribution images will show a "flat shading". As a final

measure, it is also possible to verify the intensity ratios btetween the masses
§l2, 12.5, and 13 or between the masses 2, 25, and 26 corresponding to the iso-.

jtope abundance ratios of magnesium, and thus possibly re-establish the connec-

! ;
'tion by deduction, which would return again to carbon. This entirely theoreti-

i
i

jcal exzmple shows the difficulty encountered by the analysis in certain cases

{
Ewhich are, of course, more or less unfavorable. Speaing generally, the exist-!
|

ience of molecular ions and multiply charged ions will introduce a certain com-
i !

fp]exity irto the analysis, a complexity which has obviecus drawbacks but which
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'also may yield valuable data. No matter what the case may be, the presence of ;
Asotopes, far from constituting a disadvantage, seems a hignly beneficial phe- {
nomenon because of the fact that it permits & considerable increase in the
number of distinct "answers® obtainable from the instrument used.

)
'
{
'
}
i
|

7. Negative Ions

{
|
The number of responses furnished by the instrument can be further in- 1
ﬁcreased oy forming distribution images with the negative ions emitted by the é
;target. The fact that, until now, we have used only positive ions is basicallyé
@ue to the finding that the characteristic emission of metals takes place in {
gccardance with this mode. However, the alkali metal halides ard the metal é
%xides have shown already that the emission of negative ions may alsc be charac%
Eteristic for the constituents of the object. The results obtained by various I
Eauthors (Biv1l.15, 29, 31, 32, 33) indicate that numerous "parasite peaks" must
be expected. Specifically, the images of wires and screens obtained by Bernardg
;and Goutte (Bibl.29) seemed to indicate that these spikes are due to organic 1
;wrapors absorbed at the surface of the target and to surface rcactions with the
:l.residval gas in the vacuum enclosure.
: Otherwise, from the optical viewpoint, the use of negative ions for form:m
&he image of the surface presents some difficulties, which are due to the fact
&hat the conversion of Lhe optical image into an electron image does not pro-
}eed under the same advantages as in the case of pogitive ions. In fact, the
%anverter cathode is of necessity negatively polsrized so as to repel tha

Eecondary ions produced by the impact of ions, which means that positive ions

e — e e e " ——— .& e T

pre attracted bv tnis cathode whereas negative ions are repelled. The negativea

1ons will reach the cathode only if their energy is sufficient, which shows uhet
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necessity of strong postacceleration after their passage through the prism. In
addition, the image formed by these ions on the cathode is dilated instead of ‘
being contracted, as had been the case for positive ions. This means that t.e

pincushion distortion of the lens system in front of the converter and that %
éiven by the converter itself on the elactron image, are no longer compensated i
by the barrel distortion of the ion image produced by the contraction; quite thé
ﬁontrary, a pincushion distortion produced by the dilatation of the image is |

added to this.

a. Experimental Setup

To change from a "positive™ setup to a "negative" setup, it is necessary -
on the side of the 'Mobject part™ - to reverse the polarities applied to the %

target and to the central electrode of the emission lens as well as to reverse -

- @he sense of the magnetic field. Since the positive primary ions are attracted?

bj the target, no illumination difficulty exists. The object merely is moved
away from the electrode A until the beam reaches the center of the imaged f;e1d¢
The distance A thus increases, leading to a weakening of the extracting field
énd to an increase in distance between virtual image and crossover. By adjust-;
Eing the excitation of the emission lens, focusing will still be possible but thé
real crossover C, namely, the 1mage of the virtual crossover &, no longer will{
be exactly at the level of the contrast diaphragm; this affects the filtering [Qj
by the diaphragm, a’though this filtering still remains sufficiently within the
glmlts of our goal which is to obtain several images giving a general view overi
|
@he possibilitices of analysis offered by the use of negative ions. Lel ms men—?
&ion also that the object is brought to a potential of -5 kv which causes the

Eprimary ions to arrive at the target with an energy of 15 Kev, i.e., slightly
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this it follows that the potential to which the tube H is brought must be, in

B

@ore than double the rotential they havé when the target is positively pmlarizeé.
‘ On the side of the "image part", the tube H, which fixes the potential of :
iostacceleration for acceleraving the negative ions, must be positively poiar- .
ized. The difference in potential between the converter cathode and the tube H%
will give the energy of the electrons that form the final image. We have indi~§
@ated above that it is important to have this energy be of the order of several?
kens of kiloelectron-volts. However, if it is desired that the negative ions i
?each the cathode, the potential of the latter must not be below tne "take—off";
fotential of the ions. It even is necessary that the potential of the cathode E
; j
ﬁe positive so that the jons will arrive at this cathode with a sufficient ?

bnergy and that the image will not suffer too strong a dilatation. From all

absolute valve, much greater than in the case of postacceleration of positive

;ions. Since the apparatus had been designed only for the utilization of posi-~ |
! |

tive ions, the insulation of the tube H is insufficient. In addition, we had
hvailable only a rectified positive high voltage, filtered but not stabilized.

bnder these conditions we were able to make only 2 few tests with the tube H
Epolarized at 19 kv and the converter cathode polarized at 2 - 3 kv. Thua, the
{

i

ﬁegative ions arrive at the cathode driven at 7 - 8 Kev, while the electrons ar

&he projection lens is polarized between -4 and -5 kv.

b. Focusing of the Ton Image

}
1

The focusing is done in the same manner as for the positive ions: The

!
1
'

|
(2
!
accelerated at a potertial difference of 17 - 16 kv. The central electrode of |
i
i
|
|
|
i
i
i
i
!

hchromatic plane is defined by varying the excitation of the projection lens and

the focusing of the emission lens. The setting is further refined by slightly °
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varying the magnetic field until an image incensitive to this variation is ob- |
tained. Finally, the foeunsing of the converter and the correciion of astigma-
tism are played in.

The investigated object is a copper screen of 25 u mesh, pressed into an
aluminum block which is slightly pre-oxidized. The image is observed by means |
of 0'® ions. After the natural oxide film on the copper is removed, the screexéx
fW»rill appear dark on a light background, due to the emission of 0°*® ions by the%
aluminum. This maxes it possible to measure the final magnification and to
follow the course of the distorticn. We found that the pincushion distortion

is so low as not to interlers to any noticeable extent.
¢. Results

We investigated iror, copper, and aluminum oxides and verified that they
all emit 0''® ions. The micrograph in Fig.a (Plate III) was obtained with 0"16%
;ions on a copper specimen, containing small islets of CuC oxide. The image is%
j'lacking in contrast since the copper matrix contains oxide pits and also since
b.n emission of ions of mass 16 takes place which apparently uniformly coat all
:investigated specimens. We made no specific studies for determining the exact
1origin of this emission. It is well possible that it is produced by a depcsi- ;,
tion of the gaseous phase con the object surface, a coating which is constantly .
z*being destroy=+ by the bombardment, yielding ions of the 07, (CHy)™, or (NH;)™ |
j.'ty'pe; the emission may also be due to a surface oxidation by the oxygen con-
]:*t:xined in the residual gas. By letting the vacuum degrade on the object side,
?We found that the extent of this emission increcases, which seems to indicate

that a vacuum of 10™° mm Hg is 1ossibly not sufficient for surfage investiga-

I ry
tions with nesgative ilons.

11,




2i__followed on the progressive disappearance of the image.

If the object consista of an ionic compound, it must be expected, as demon-
:strated above, that an intense¢ emiseion of negative ions takes vlace. For ex-
* ample, let us deposit, on the polished face of a stainlec. steel pellet, a drop
- of sodium chlor’de sviution. After ewaperating the solvent, a deposit of salt
will remain; this deposit must be sufficiently diluted so that the electric
Echarges can be dissipated since sodium chloride is an insulator. The micro-~-
3gra.ph in Fig.b (Flate III) shows ihe imd<e obtained with C17>® ions on such an g

*  object. Similar images are obtained with Br and F~ ions on potassium bromide .

O

~and on lithimm fluoride. These images are very iuminous so that the exposure

"7 ‘time for photographing them from outside is of the order of only 1 - 2 sec. In]
addition, since the deposit is guite thin, the progress of sputtering can be

25, These few experiments show that it is possible to obtain distribution

1 H
‘"vgimages with negative jons, without changing the optics ¢f the apparatus. This ;

i
 may be of interest for amalyzing certain ccns*ituents which readily yield nega-!
H !

5
R3S i

B itive ions. However, a slightly more detailed study will be necessary for acccu}
320 ,

3_.irately defining “he portion of the emission which is to be attributed to char- i

i %acteristic ions and, so far as possible, to obtain conditions under which the

6 ‘
!
4
1
.

”7~§emission of Rparasite spikes™ is suppressed or at least very much attenuated.

' {In addition, the observation of images obtained from insulators creates an in~ i

|
i
y 1
| {
i %centive for a more detailed study of this important problem. i
|
‘“. Insule wre %
!

l . study of insuiating materials encounters two types of difficulties: Thei
i
\ isurface of a given insulator 1s not necessarily equipctential so that the elec-;
itric charges cannot be dissipated. This resvlts in the fact that. the potential!

1
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of secondary ion emission is not well defined and wili vary with time, which /44
will result in a disappearance of the image; in addition, the accumulatior of
charges will result in breakdowns.

By suitably arranging conductors with fixed poteiitial in the vicinity of
the insulator, it is posaible to render the surface from wnich the secondary
ions are emitted equipotential. For example, by giving the insulating material
the shape of a foil with varallel faces and by placing this foil on one of the
armatures of a plane capacitor, the faces of this foil wiil coincide with a
plane equipotential surface. Consequently, if an insulat’ng foil is plated to A

the plane face of the electrode M, the face of the insulator parallel to the

elzctrode A will be equipotential. Let a be the thickness of the foil, & its

. .relative dielectric constant, and 4 the distance of the free surface of the in-.

sulator from the electrode A, with M being brought to a potential V, so that

1

'
)

" . the leaving potential of the secondary ions will be L. . However, in

I+

eA

such an arrangement, dissipation of the charges is not fully ensured and the

arrival as well as the ceparture of charged particles will balance only by

.chance, which means that the indicated distribution of the potential will be

perturbed by the presence of static cnarges.

' Depending on the polarizaticn of the object, the retained charges will be |

:either positive or negative. If the object is positively polarized, it will i
ttract the secondary electrons produced mainly on the electrode A by the 1mpact

1of secondary ions and of primary ions diffusad by the target. 3ome of the

iprimary ions may enter the crystal lattice of the insulator and, since their

!penetration is quite shallow, will form a wractically superficial layer. 1In

{this case, an equilibrium state must be expected in which, as the sputtering

| E
iprngresses, a layer of positive charges is continuously destroyed and reconsti-é
! i
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tuted. If the object is negatively polarized, it will retain the positive
charges, which means that the positive ions of the bombardment will accumulate;.
in addition, since the negative ions and the secondary eiectrons are repelled, |
the positive charge of the object will only increase at the point where the
primary beam strikes. Consequentiy, it can be predicted that a migration of
the ion charges will take place, accompanied by a variation in the leaving
potential and by breakdowns.

No matter whethepr positive or negative secondary ions are involved, it
3eem3 obvious that the static charges accurulating on the object make an obser-
vation of the image rather difficult. To keep the distribution of the potentiai
from being influenced by the presence of these charges, it is necessary to ob- }

tain either their neutralization or their dissipation. .

a. Premaration of the Object

It is difficult to apply here the xethod used in electron-probe micro-

fanalyzers, which consists in depositing a continuwus metal layer on the insu-

- :latkr. In fact, the negligible penetration depth of the ions into the materialg

;would rrevent the rrimary ions from reaching the target and, a fortiori, the
zsecondary ions from leaving the target. Consequently, the deposited layer must:
éhave gaps which leave some areas of the insulator free of coating, which then
%are exactly the regions which will be imaged. However, these gaps must have

%sufficiently small dimensions to have the potential vary only little from ore

|
gpoint to the octher on thz inanlating surface not covered by the metal layer.

gln addition, the metal coating deposited on the plane and 1olished surface of
{the insulator must be provided w th identical gaps, 2o that the observation of

;each individual islet can proceed under equal conditions. Thus, the simplest
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way is to deposit a metal screen, formed of crossed continuous wires or simply
of parallel wires. To ensure as satisfactory an electric contact as possible,
the insulator is enclosed in a pellet of Wood'!s alloy; one of the faces of the
pellet is in the same plane as the polished surface of the insulavor to be in-
vestigated. The next step is to vacuum-deposit an aluminum layer of a thickness
bf several microns over the entire surface of the specimen, using a masi: to keep
a region of 8 mm diameter on the insulating surface free of coating. The screeﬁ
is ootained by vacuum-depositing aluminum through a mask formed of varallel
wires. To obtain a screen of crcssed wires it is sufficient to apply two suc-
éessive coatings, with the direction of thre wires in the second vaporization
being at 9¢® to the first vaporization. By changing the diameter of the wires
And their spacing, the widih of the bars and the mesh of the aluminum screen
deposited on the insuiztor can be varied. In general, we used screensof C.08 mm
mesh, C.03 mm width of the bars, and several micrcns thickness. The aluminum
wires are sufficiently extended to come into contact with the preceding vapor
aeposition, 80 that each wire is ..rectly connected to the conducting surport.
Aluminum was selected because of its low sputtering ra®e. In addition, to avoid
any break in electric contact, the region in which the insulator is linked to |
the metal support is coated with a conducting silvering tefore vaporization.
fhe pellet prepared in this manner is then covered with a copper sheet of 9 u |
%hickness, pierced by a hole of 2 mm diameter; the entire unit is placed into an
iject support identical to those used for conducting specimens. The role playeh

by the copper sheet is mainly that of partially eliminating the seccndary elec-

trons coming from the electrode A. Let us mention tnat, for limiting -%e bom~
ﬁanded area and for decreasing the magnitude of secondary phenomena, including

'

the emission of secondary electrons, a diaphragm of 0.5 nm diameter is placed aﬂ
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the exit of the channel Ca by which the primary ion beam arrives. This does
result in a decrease in the density of ions arriving at the targeit, but this

density is still sufficient to give images of adequate iuminosity.

b. Observation of the Images

The images observed by us were formed by positive ions. As long as the
wires of the screen are ot destroyed by the spultering, the image remains
stable, the breakdowns are rather infrequent, and all adjustments that can be /45
made with conducting objects (adjustment of achromatism and stigmatism) can be
Llso made with insulating objects. The microgravh (Fig.d, Plate III), taken
Qith N@fa* ions on a calcareous specimen, indicates aiieady that the quality ofj
tihe 1mages is not too greatly affected by the treatment to which the object had'
been subjected (the black bands corr:spond to the aluminum bars vapor-deposited :
ﬁn the object, with the screen being; formed here by parallel wires). :

The fact that an image of the insulating surface is obtained and that this.

image is more or iess normally illvminated indicates that the leaving potential.

- of the secondary ions is practicaily the same at any point of the observed

field. Neverthelecs, there is a pnssivility that a potential difference existsi

between insulator and conducting screen. To define this, the A1" ions can be '
ﬁsed for successively forning the lmage of the screer and the image of the free .
i 1

1

surfaces of the underlying insulator (naturally, provided that the latter con-
|

%ains aluminum). If these two images are obtained without changing the settingI
bf the magnetic spectrograph, it would mean that the leaving potential of the

|
|
;ona is practically the same on btoth metal and insulator. Converseiy, if the |
! |
magnitude of the magnetic induction must be eitner decreased or increased in |
: |

l

bnder to "recover® the image of the insulator, it is obvious that its potential;
i ‘ |




is either weaker or stronger than that of the screen. Working in this manner,
we found that the leaving potential of the ions on the insulator could be higher
by several tens cf volts. This seers to indicate that the charge remaining on
the object is positive. However, it could also be imagined that the maximum of
energy distribution of the ion emission by the insulator is shifted toward high
energies. Let us mention that, for explaining the observed pattern, this =~axi-

mum would have to be extremely high since the contrast diaphragm eliminates many

!

Fiectrode A
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Fig.26

of the fast ions. In addition, even after some of the bars of the screen have
disintegrated, an image whose field is crossed by 2 light-colored “and can still

be observed for a certain time. On displacing the oLject, it will be fourd that:

this band is "linked" to it; in addition, on modifying the excitation of the ‘
#pectrograph this band will shift., All this seems to indicate that this particu!-
Jar pattern might be due to the fact that the potential is no longer sufficient—;
f;l.y uniform over the observed region; to each excitation of the spectrograph ther;e
%:orres}:onds a nertain energy bani. This tends to indicate that it is much more%E
1likely that the line shift is produced by charges remaining on the object ra.thet‘;
‘than by a displacement, of the emission maximur.. To corroborate this finding, 1t'

would be of interest to bombard the target with neutral particles or even with |
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negative ions. Let us mention finally that the line ¢hift is slight. Thus, on.
the image (Fig.c, Plate VI) taken with Al ions and a granite specimen, at a
given value of magnetic induction, it is possible to see simultaneously the
image of the screen and the image of aluminum cistribution in the insvlator.
By sligntly reducing the magnetic induction to below this value, the image of
the screen wiil become somewhat more luminous while the image of the aluminum |
distribution will be stumved; the opposite pattern is observed by slightly in-
creasing the induction. This minor line shift generally does not increase the
difficulty of identifying the elements.

From these experiments, it can be concluded that the potential of the obje%t
is automatically fixed to a constant value which is almost uniform over the ‘
éntire imaged surface of the insulator. However, the insulating object retainsé
bositive charges so thal a portion of these charges is necessarily neutralized
by the arrival of electrons. Since it has been found that the image can no E
longer be observed if the screen is disintegrated oy the primary bombardment ofg
fhe surface of the imaged field, these electrons presumably originate in the .

- 8creen from which they are extracted by the impact of primary ions. The ques~

%ion to be solved is that of the manner in which these electrons, repelled by
%he field E, which accelerates the positive secondary ions, are able to reach |
%he insulating zones. For this, lst us consider the distribution of equipotenti~
;l surfaces between the electrode A and the object M: This distribution affects
}hhe form sketched in Fig.26 whers the black rectangles represent th: intersec-
&ion of the wires of the screen by the plane of the figure. The positive
%harges present on the insulator Mrepel®™ for example the equipotential + V

t
%hich, because of this fact, presents a vrominence or hump each time it comes

1

to Jie above an insulating region. On an increase in the charge carried by thel

t
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insulator, the hump of the equipotential expands into a "bulge” (shown as a yiny
broken line in Fig.26) which runs along the top of the screen bars. The region
located at the interior of such a bulge is at a potential higher than that of

the screen bars, so that secondary electrons are emitted by the bars which are
drained toward the insulating regions. This indicates that a state of equili-
brium may be established at which the positive charges ave partly neutralized,

8o that the potential remains approximately constant. In addition, since the
électrons are more attracted by regicns which have accumulated slightly more
positive charges, the potential of the insulating surface will be aimost uni-
form.

Making use of this method of preparation, we investigated objects composed
of various specimens of natural rock: a limestone, a granite, and a complex
phosphate known as amblygonite. A detailed examination of the micrographs with
these various specimens will be the subject of the next Charpter.

Let us note that our method definitely can be exterded to an investigation
6f insulators by means of negative lons. We mertioned in the preceding Section
that we had obtained images with C1° ions on an object of sodium chloride. Thei
pre;aration of the object in this case is somewhat similar to that discussed
below. 1In fact, it can be stated that the conductor used as support for tne
thinly deposited salt rplays *he same role as the aluminum screen. However, this
;ole is gomewhat less significant in the case of a screen since it is impossiblé
ﬁo expect the same regularity in the distribution of conducting surfaces. Thu34
4: soon as the conglomerates of insulators become of too widely differing size,§

the charge of the individual conglomerates no longer is close and the leaving
|

i

?otentials will change; it never happens that all the islels can be illuminated

iogether al one and the same adjustment of the spectrogranh.
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CHAPTER IV

FIELD OF APPLICATION

The main drawback of this method of analysis is the difficulty of quantita-+

tive interpretation of the results. However, in many cases, Lhis drawback
i

prebably is of a temporary nature, since it is chiefly due to a lack of data on}
the phenomenon of secondary smission of characteristic ions. The setup developéd
by ug offers a means of investigation which is particularly sensitive and effl-'

clent 3ince it permits to "see'™ directly what might happen on the surface of the

bombarded object. Consequently, the ingtrument can be used for two complement—E

ary purposes of which the first, combined with a measurement of the ion currentd,

concerns the study of the emission itself while the second exploits the existiné

possibilities of semiquantitative analysis. ;

" 1. Contribution to the Study »f Secondary Ton Emission

a. Identificaticn of the Jons

The distribution images frequently offer a valuable aid for studying the

emission of secondary ions. Particularly, the research on the identily of the

Hons which is often rendered quite complex by the presence of molecular ions,

by multiply charged ions, or by diffused primary atoms, is facilitated by ob-

Berving the corresponding images of the cbject surface. To give an example,
recordings of the secondary ion current frequently show a spike for the mass
1

LO, whose slope on t.a2 side of higher masses is quite peculiar and not always

reproducible. Since the specimen is bombarded by argon ions, the course of the
%ecording was attrivuted to the diffusion of these icns. The observed images

with ions of mass 40 show brilliant points agains®t a much paler backgrourd, ,

i . i
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which give= a highly complex aspect to the diffusion of argon ions. later, we
found that the appearance of these brilliant points depends on the preparation
of the svecimen and that they will disappear when electrolytically polished
cbjects are used. It is quite likely that the origin of these points lies in
the emission of (Si - C)* ions, produced by carborundum particles included in
the object during polishing. A check test with respect to the isotopes is
rather difficult here since the isotopes 29 and 30 of silicon are present only 5
in low concentration and since the images are swamped in the continuous back-
ground of the diffusion of argon (this could be remedied by bombarding with ioné

of another rare gas).

b. Elements in ilow Concentration

'
[

A low-concentration zlement in a given specimen may produce a more or lessé
@ntense emission of secondary ions, depending on whether this element is dis- |
éolved in the object or conglomerated in precipitates (for example, effect of
the cupro-aliuminum ratrix). Since the distribution image gives the local con- '
centration of the element, it is easy to dif{ferentiate one case from the other,:
naturally within the resolving power of the apparatus. In addition, if the ele;
Qent is conglomerated in precipitates, the concentration of emission in a few |
@oints rather facilitates its investigafion although the overall intensity of [41
%he icn current may be low. Let us imagine that the overall emiusion over an |
?rea of 0.5 um diameter, of an element in the solid state is 1071° amp and that%
% precipitate of 5 u diameter, immersed in another element, will emit a “~tal

!
4 |
current of 10"** amp. Despite the fact that it is easy to measure, this current

i

hay be overlooked in compiling the list of emitted ions. Similarly, a control i

|
{
|
{
]
1

i :
with respect to the isotopes is quite easy since, on passing from one isotope |
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to the other, the image remains the same.

If an elenent of low concentration enters an ionic combinztion, its emis-

sion iz enhanced and its investigation is correspondingly facilitated. Thus,
in a casting containing 0.5% of manganese, we observed several precipitates of
manganese sulfide. In addition, an image formed with negative 5% jons is ob-!

served.

c. Influence of the Chemical Bond |

Generally speaklng, the presence of a given element in a chemical bond is |
wisvally displayed on the image obtained with the characteristic ions of this
element. Obviously, the measuring of the secondary ion current is insr?ficient}

|

éince it only permits defiring the variations in intensity from one islet to 5
%he other or from one specimen wo the other, without the possibility of detect-?
;ng the accurate cause. A striking exaﬁple is thét of a solid copper object

;ontaining nodules of copper oxide CupO whose image is given on the micrograrh i
bf Fig.c {Plate III), taken with Cu"®® ions. The regions where the copper has i
%ntered into chemical combination with the oxygen show up as light spots despité
&he fact that the concentration of copper is quite low there; in addition, smali
%pecks of oxide appear in the copper naﬁrix. We would like to mention that the§
Eimages obtained with 0* and 0 would be of great assistance in identifying the i
bxidized regions in cases that are less complex than that given here. We en-

kountered a similar case with an iron specimen which showed a few islets of

oxide.

l

2. Semiguantitative Analysis

a. Fetallic Alloys |

The micrographs in Plate IV, obtained with an Al-Mg~31 crude foundry alloy
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give a general view over the possibilities of semiquantitative analysis. Thesel
micrographs correspond to the distribution of magnesium,-aluminum, and silicon.
The image of silicon clearly shows the presence of a small plate of pure si]icoé
and pnliygonal precipitates of a phase ieaa rich in silicon. The magnesium Lmagé
éhows a difference of intensity in the tblacks"; the piacement of the silicon
platelet conceals no visible trace of magnesium whereas the aluminum matrix
seems to contain a small amount of it. Unfortunately, these differences which
éan be geen with the naked eye cannot be photographed from outside because of
fhe excessively long exposure times that would be needed. Let us me.tion inci-

dentally that the magnesium, aluminum, and silicon images are cbtained with ‘

exposure times of 2, 0.5, and 10 sec, respectively. 3Since a small mart(about
i%.) of the light emitted by the fluorescent screen is used for producing an ;
image on the film, it is logical that a substantial gain in scnsiliviuvy could b%
ébtained by directly reproducing the electron image on a photographic plate. |
&his would make it possible to distinguish minor variations in intensitv cr elsé
ﬁo reduce the exposure time or the sruttering rate. :
| A comparison of images of ‘his uvype with those obtained by scarning with a@
electron~probe micrcanalyzer proves that the local variations in concentration 2
bf the various elements are quite faithfully represented by the variati.ns in
local illumination of the image; in fact, neighbored elements are involved

bere for which the Intensity .F secondary ion emission varies roughly as the

;oncentration of the elements. Naturally, numerous cases exist in which the

ﬁ’act that the emission is not proportional to the concentration will iuterfere

‘considerably. Nevertheless, a distribution image indicatees the local presence

bf a giver. element and, in this sense, always will have the value of a qualita—:

tive microanalysis. On the other hand, gince the emission of this zioment is
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influenced only by Lhe presence of other elements, a comparison of the images
obtained for the various constituents will yield useful data on the combinations
of which they form part. Such a study also is worth being simulitaneously con-

ducted by both ion microanalysis and X-ray microanalysis.

b. Lignht Elements

One of the zdvantages of our method of anmalysis is the fact that it is
.equally suitable for light elements such as lithium, beryilium, boror, carbon,
-nitrogen, oxygen, etc. for which the electron-probe microanalyzer is quite dif-
ficult to use or may even be complecely useless. To give an example of ths

amlysls of oxygen, we couid mention the case of a specimen containing cooper

:~. pxide nodules wrere the image formed by the 0% jons (*ig.a, Plate III) repre-:

sents the oxygen distribution. One can also expect further improvemenis in the3
1mage recording device which would pe*mt obtaining a micrograph with 0"!® *ons.
It is highly probable that t‘ne emission of oxyzen ions by various oxides of a

metal will differ 3o that it would become possitle to distinguish one type of

" -pxide from another. No matter how this might be, a comparison of the images

given by metallic ions and by oxyvgen ions aiready permits an identification of
the presence of oxides without difficulty.
Without making a systematic study of a particular case, we investigated

Bther specimens. The micrographs given in Plate V (Fig.c¢, a, b) show, respec- |

t
i
1

i
:,3 -1y, an image obtained with B''' ions and two images produced with Fe*®*® iong

1
h an iron specinen of crude casting, containing 0.2% of boron and 0.5% of [LE

i
carbon. . }
: The image in Fig.a {Plate V) was taken with an exposur: time three times
i :

longer than that used for the image in Fig.b (Plate V) (L sec exposure) to l
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demonstrate the intensification of the emission of iron. This enhancement coin-
cides with the distribution image of boron, which seams to indicate that iron
and boron enter in the same chemical combination. In addition, on changing to
negative ions, analogous latticzs can be seen on the i~ages foimed by ¢c'? and
¢ icns: consequently, the three elements boron, carbon, and iron a2re associ-
ated, probably irvolving ar ironr borocarbide.

We can also mention images observed on a casting with C' and C icns, which
permit a localization of gravhiie filaments. The images formed by the ¢ and
CZ icns are mcie luminous than their homologs in pesitive ions but, under the
alightly precarious conditions of work, it is rather d4ifficult to photograph
these from outside the equipment. The emission of carbon on graphite also Jdoes
hot suthcrize us to state that the presence of carben is always detectatle.
Thus, we were unable to obzerve an image of pearlitic precipitates which this
?asting contained. In this particular case, if it is not a question of lumi-
nosity, it is nossible that this phenomenon is= due to the characrer of the bond'
in the zementite. Tne emission of carbon compounds poses a problem which it
would be interesting *o solve. We also observed an image formed by N ions on
an aluminum specimen containing nitrides of polygonal forms.
| The light elements are fraquently encountered among the constituents of

natural rocks; in the following Section we will give a few application evamplesq

c. Ingulators

i v—

The possibility of observing images on inswlators permits an extension of |

t

the method of analysis by secondary ion emission to all solids. Among insulatiqg

1
1

ﬁaterials, natuial rocks because of the variety of elements they enclose, are

the specimens of choice, disragarding even the intrinsic interest that their
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investigation might offer. Three types of object: were examined: a limestone,
a granite, and an amblygonite.

The first of these is compoced of calecium carbonate containing various in-j
clusions, ameng cthers a hydrated magnesium silicate (talc). Since the borcs 1n
these compounds rather have an ion charzcter, the emission cf various ions is

jte inte~-e. -We have observed ani photographed images giving the distribution
of calcium, silicon, aluminum, magnesium, etc. Cther images are visible (some ‘
61‘ these even very intense) which correspond to the rather numerous impurities .
in this type of specimen. Uccasionally, the .nclusions of talic surround the :
érains of calcite and, since the presence of such inclusions involves a lack ofj:
i‘alcium on the image made with Ca’ ic..s, the polygonal intersection of the
rhombohedrons of calcite by the plane of the surface shows light on a dark back-;
grcund. Conversely, on the images cf silicon and magnesiim, for example, th‘ese;
érains show up dark. '
‘ With respect to the granite object, let us recall that this rock is basic-i

élly composed ¢f three constituents: quartz, feldspath, and mica. The quartz 1

--is the crystallized form of the silicon oxide $i0;; the feldspath and the mica ,

are two complex aluminosilicates. In the inv.siigated specimen, the mica is a

lithiniferous compound known under the name of lepidolite; what distinguishes

here the two types of aluminosilicate from the point of view of the chemical

1

}r:omposition is the presence of lithium in the mica. The micrographs (Fig.a, b,

c, d, e; £, Plates VI and VII) give, respectively, the distribution of 1ithium,
KEodium, aluminum, silicon, potassium, and caléium. A comparison of Figs.c and ci
iformed , respectively, by the 41*%7 and Si*®*® jons, shows that the light islet !
iﬁ.n Fig.d appears black in Fig.c; consequently, this spot consists of quartz '

t . .
?wherea.s the darker part belongs to an aluminosilicate. Figure a, formed with |

i
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Li*7 ions, indicates that a mica is inwolved here. The cations of the alumino- '
silicate are lithium, sodium, and potassium but it can be seen that both sodium
and lithium have a tendency to be mutuilly exclusive. The black and parallel
lines which appear on the first five photos are occupied by a calcium compound
as shown in the last micrograph; probatly a carbonate is involved here. On the.
;aluminum image, the presence of the vepor.zed screen is cleariy seen, which .
appears in black on the other images (since several wires of the screen, used as
mask during the vaporization, had accidentally conglomerated, the vaporized l
screen shows 2 clightiy larger mesh at some spots than had been indicated in
Chapter 11:i). Finaily, in other regions of this same specimen, isiets of feld—,:

i
spath and of mica cculd be differentiated by means o the lithium distribution

- oimage.

Quite a number of other images can be observed on this specimen, produced
by low-corcentration elements, molecular ions, or possibly by elements that
yield only few positive ions. Thus, an image made by 0''® ions can be cnserved,z
;indicating that these ions are emitted with a greaier intensity on guartz than .
pn alurinosilicates.

' The last specimen investigated consisted of amblygonite which is a complexz
‘phosphate in which lithium, sodium, and aluminum oxides are associated. The 1

images given by the Lit7, Na*®®, and A1"®" are very luminous. The regions wher§

tlithium and sodium are present are clearly defined. In addition, metallic im-

‘purities such as copper are cicarly visible. i
‘ s
| |
| !
sB. Other Applications /L9
i

: The ion source which is constituted by the unit of the emission objective ’i

;puggests other applications which will not always require ths use of distribu- i
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tion images.

a. Anaiysis of Surface layers

If no precise localizatior in the plane of the surface is required, the 3
ionic scouring of a few atomic layers will yield a secondary ion current of (
sufficient intensity to be measured easily. In fact, consider the highly un-
favorable case of a body whose ion yield is of the order of 1C”7. In itself,
ihe measurement of a current of the order of 107'* amp presents no particular
éifficulty. However, this current transports 6.25 » 10* ions per second; for ;
pmoducing such a current it is necessary to sputter 6.25 x 10*t racticles per f
Becond. Since the mean density of a solid is of the order of 10'! particles peé
u , it is necessary to sputter a volume of matter of ahout 6 w2 to frodvce a
current of 107 amp. On an area of 0.2 mm diameter, this volume represents a
layer of matter of about 20 A thickness. The resclving power "in depth™ thus |

is infinitely superior to that of the electron-prohe microanalyzer. For example

we were able to detect the O* spike produced by the natural oxide layer on a i

‘hagnesium specimen (whose thickness is several tens of angstroms) and follcw itﬁ

brogressive disappearance as increasingly deeper layers were analyzed.
; ' (
‘ |
b. Isotope Analysis :

|

| .

1 |
|

t
The simultanecus measuring of ion currents, corresponding to two isotopes

Lf one and the same ¢lement, yields the isotope abundance ratio of thiy element !
!

gn the sputtered volume. If the mutual diffusion of two isotopes is to be

Btudied (or the diffusion of an isotope in the natural element) it is, for ex-

%mple, possible to make use of ionic scouring for observing the variation in the
t

isotope ratio as increasingly deeper layers are being anaiyzed. It is also

1
—



Speaking generally, in all cases in which the tracer method is inarplicable be-|

possible to make a cut parallel to the direction of diffusicn and view the image

i

of the region where the diffusion is rroduce®; a photometric plot would then
permit to obtain Lhe diffusion curve. It even is possitle to use the distrivu-:
tiow images for detecting Misotope segregaticns®™ within the natural specimens

which, during their history, had been subjected to high thermal gradients. ;

: i
cause of the lack of a racioactive igotope, the secondary ion emission could be]

used for studying self-diffusion problems.

c. Analysis of lLow-Concentration Elem:nts

Here, it is a question of analyzing elements whose local concentration is!

Jow. Various cases may occur, depending on whether the traces of an element !
- i
distributed over the entire specimen are to be investigated or whether it is g

&esireL to detect the existence of an element within a region which, prlmarllv,
‘1s defective in this element while the same 2lement is present at a conslderable
,concentratlon within the srecimen (it has been reported, for example, that ‘
aluminum is present in the "black™ areas of the distribution of this element
within the Al-Mg-Si alloy, discussed in Chapter II).

3 To determine the accuracy of resolution and the resolving power that can
%e expected from the analysis, it is primarily necessary to define the ion
&ield of the considered element. However, this yield depends cn the alloy in
%hich this element is present and on the chemical bonds which link it to the i
kther elements. If only an order of magnitude of the detectable concentrationsi
!15 to be established, the conditions can be simplified to the extreme by assum—}
hng that the wanted element retains the same ionization probability, no matter {

ﬁn which alloy it exists. This means that, for an emission lens whose contrasti
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‘bion that if it is a question of a certain element being distributed over the

‘/—A:fconr:entration of the sought element, measured with an accuracy of p % in a

diaphragm limits ihe resoluntion to € microns, the ion yield which would be

li["' € } for a pure element would become v[-"‘—-s— ].- for the element at the

ny'e: My €

'

atomic concentration c. From the expression for the ultimate resolving power ¢
it can be derived that the lowest concentration c detectehle, in a volume e?,

with an accuracy of p & is given by the expression

164 1 [(no) }
R T
i’z Kt Ity feap Je

{
i
i
|
t
|
|
I
i
|
|
1
|
This formula, when apr.ied to the case of aluminum, demnnstrates that it i
|
Y

iuould be possible to detect a concentration of a few millionths with an accurac
i

(I

| |
pf 10% in a volume of the order of 1 #®. Under the same conditions, a concen- ;

,'tration of the order of 17 can be detected in the case of copper. Let us men-
i

entire specimen, such a highly localized analysis will not be necessary snd it
’ivill be sufficienﬁ to count the ions emitted by the entire imaged f ield. By
"retaining the same contrast diaphragm as that which yields a resolution limit

!
bf one micron, the ion yield of the pure elements will be (:") , while the
i tiexp

i

|
wvolume v, is given by the exrression

108 1 (n,
) 2 Ko\n Jexp”

3

The sputtering ¢f a layer of one micron in thickness on a field of 0.3 mm

-11

entration of some 10 ir the case of aluminum; in the case of copper, a con-

entration of the order of a ten-millionth would still be detectable with the

i

i

‘;

!

|

|

1 - .
;tiiameter would permit the detection, with an accuracy to within 10%, of a con- ,
o

|

%

i

Bame accuracy. ;

}
S This necessitates, on the one hand, that the ion emissions be measured [2
! ) l
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'ﬁifficult to say to what extent this detection would be affected since the de-

%ith an absoluie accuracy (i.e., that tHe pickup device counts the arrival of
individual ions) and, on the other nund, that no -icontinuous background" will |
interfere with these measurements. Such a continuous background may be produceé
Ey the diffusion of ions on the molucules of the residual gas along their enfir;

path, wut the most disturbing phenomsnon would be the deposition of matter on the
specimen. In fact, the particles extracted from the target by sputtering may

rebound from the surface of the electrode A, facing the object, and may return

to the specimen where they would derosit as a thin film. £Lf two adjacent re-
éions contained the same element E, ore in high concentration and the other in
iow concentration, the “redeposition" of matter would take place on these two
regions and the detection of low contents of E would become impossible. It is
%ree of "redeposition' depends on the element in question, as well as on the
Fature, the temperature, and the shape of- the electrode A. MNevertheless, in
ﬁhe case of an element distributed within the entire specimen in low concentra-:

tion, such redeposition is of little significance since it interferes with the

hecuracy of the analysis to only an extremely slight extent. It is also of

ﬁnterest that the der~_'{iion of mtter takes place over the entire surface of
fhe object. On observing regions that had not yet been subjected to primary

hombardment this may be a considerable drawback, specifically for investiga- ;
{
Lions of surface layers. A very thin dlaphnagm, placed in front of the object i

!
i

?nd leaving only a region of the order of the imaged field open, would eliminat?

t
Fhis drawba.ck.

!

| _ CONCLUSIONS o ,
|

E ,

i The results obtained with this anal&sis method demonstrate that it is |
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o1
i
i

! jpossible to ottain directly distribution images whose limit of resoluiion is of |
Ethe order of one micron. However, thesd images permit only a semiguantitative |
@nalysis in tl.z sense that the emission of secordary ions is not alvays propor-

:tional to the concentration of the clement sought. 1In fact, we have seen that

0

gthe rresence of a few percent of an element in a given alloy may, in certain

icases, proeduce a noticeable enhancement of the secondary emission and, on the
|
* other hand, that the nature of the bond linking the elements within a chemical

> zombination has some influence on the emission. Under these conditions, it is

@ rather difficult problem to derive a law linking the intensity of emission to
i

/" the concentration, and a considerable standardization effort would be required
U ;

T~

to render the method gquantitative. Nevertheless, the dependence on the emissio

%dth respect to the chemical bond will be useful for defining in which type of

bond the element is present.

R - SR

With respect to iight elements, the analysis encounters only difficulties

-* khat have to do with the “an yield of the bomharded specimens. For example,
!

ﬂithium, beryllium, and boron are easy to analyze whereas carbon poses a more
' difficult problem, which is due to the mature of the bonds linking this carbon

’f ﬁo the other elements. The use of negative ions, once the problems of astray
i
emissions are mastered, seems to furnish a valuable aid for easy detection of

+
|

Plemento with an electionegative tendency, including oxygen and, no doubt, alsog

" Larbon.

i The identification of oxides furnishes a typical exa.aple for the scope of

1

Fhe method. A comparison of images obtalined with positive ions and with nega-

Five ions will also yield data on the chemical bonds.
mo

The equipment developed by us can be further perfected in numerons roints.

a0

| .
fl ?hus, it is possible to improve the resolving power of the images and to increa%e
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Ethe sensitivity by direct recording of the final electron image. The exact

tlimits of ita potentialities can be establisheu nnly after a sufficient number :

of ir“ividual studies on secondary ion emission have been performed, so as *o
define all aspects of the phenomenon. However, even in its present state, the
mechod seems highly useful for studying inclusions, precipitates, oxides, arnd

éprobably carbides and nitrides in metallographic specimens. In addition, the

the ion microanalysis to all solid specimens. Specifically, natural mineral
:objects, where light elements frequently are abundant and where the bonds of
%ion character give the elements an intense secondary emissivity, seem to be the
#aterial of choice for this method.

In addition, it is possible to predict applications to isotope analvses

and to investigations of surface layers.

% Finally, this method has certain advantages cver X-ray analysis, such as
the possibility of improving the resolving power, detecting light elements,
hlrectly obtaining a distribution image, permitting an analysis of surface
hayers, and making pecssible an isotope analysis; howeaver, the methed is inferio
@o X-ray anilyses in the field of quantitative analysis. Thus, the two methods
geem to complement each other and i% would be of adventage to use them in com-

t
bination.

{
|
|
1 The calculation of second-order aberrations in orthogonal systems has been
!

kreated in Cotte's thesis in . very general form. Nevertheless, exactly the
denerality of his formulas makes their direct application to a practical case

|
gifficult. Before calculating the aberrations in tl.e case of a magnetic priem
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. calculated by means of Euler-lagrange equations written in their Hariltonian

and within t;he 1limits of our proposition, let us recall the Yasic data of Cottets
;t,heory.

The traiectories close to a curve (), at tre Gaussian approxiwation, are

form in a system of curviiinear coordinates (x, y, z). in this sysvem of co-

ordinates, (I') has the equaticns x = C and 3 = 0; the position of a moving .
-
point P of the curve {I') is determined by its curvilinear abscissa z. Let t, .

;‘:, b be the unit vectors of the Prenet-Serret trihedron attached to the point P;
by a suitable rotation of the axes b and 3 about -t:, it is rossible to derive an:

orthogonal triple system which, reduced to Cartesian coordinates, will yield the

following expression for the distance between two infinitely close points:

not

L0 2 Iz . e !
dx? - ll TReT T y] d=3 = o7 dy? (Ioll

‘where R(z) and T(z) are the radii of curvature and of torsion of the curve (r) -

;at the point P. For simplifyirg the calculation, we can take below the case of;
: !

,ﬁ ragnetic prism. In such a system, the magnetic field has a plane of symmetr'yi

1 !
- where it is natural to place (I'). Fci-a p ae curve, we have —;r‘-- =0, k(z) = 1;

8o that the expression of ds® becomer

(1.2}3

ds® -1 el Ygat o gt dy?

where .

0z, AT

i
}
!
'
i
!

iﬁ'hc x axis will then coincide with ths normal to the curve (') while the y axis:!
;ﬂill be perpendicular to the plane of symmetry. Consequently, 9(z) is pnsitive.
af the‘z x axis is directed toward the center of curvature and negative in the
ppposite case.

The magnetic field ic projected onto the axes (x, 7, 7) along K, Ky, H; .



At a peint P of (), these values become Hy, H, 0. 1In the air gap of the

eiectromagnet, for the case that the field can be considered as being uniform,

<
o

1

Fig.I.1

ENTRANCE FACE OF THE PRISM

Fig.I.2

o

|
* we will have By = Hy = O. The expansion in series of ihe vector potential of
the magnetic field in the variables x, y makes it possihle to write the Hamil- l
‘ ‘toruan of the system, in the vicinity of the curve (I'), in the form of a sum
;LH =H +H +H +H. Here, B, g, b contain, respectively, the terms of

AR ,fthe first, second, and third order in x, y, p, and q; the guantities p and gq are

1
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the conjueate moments of the dynamic variables x and y: ¢ = —g%cv—', q = ZL,
y

{with L being the lagrangian of the system). The quantity K contains the term:
of zero or'er. .
The 3econd-order approximation consists in neglecting Hg. This will yield

differential emuations of ihe trajectories:

i
drr”

dz _

d ny’ o (:‘I[y) \

A Uh o '

with /132
gz o= eil; + n'e ' ‘

- a a_uy ,
""[0”’"(3').] i

N\ \
where n denotes the momentur mv, while ( ‘\’i-”} is the derivative at a point of ;
\ ¢ 'y :

(1.3)

. a i
the curve (I'). Let us note that BH‘ can be replaced by gi’ which is equal
- .

to it in virtue of Ampere's theorem.

If (T) is the mean trajectory of the particle heam, then g(z) = G since R =

' ; v . . . :

= |R{(z)] = ~———=—. The equations of the traiectories then are written as |

. y :
dnr’ . an) .

ge e [Olly ~— (Dt o] fay :

duy’ JH, \

& _ve( dx )° (b) (I.l;)i

+
1

It will be noted that egs.(I.4a) and (I.4b) are independent. A trajectory

)

whose tangent to a point is contained in the plane of symmetry or in the first

|
|
principal section will remain in this plane; a trajectory whose tangent to a ;
i . i
‘point- is also tangent to the cylinder whose generatrices are perpendicular to |
' !

i

the plane of symmetry and are based on (I') will remain in this surface or in thé

éewnd principal section. A given trajectory is represented by its projectionsi
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ct

! ;bnto the two principal sections. For bértiéles whése ihitial velbcitJy is tange_rt

-1
*:¢ the second gection, this is true only to within approximately the second

! -— e Lo

<

--order. In fact, it will be demonstrated below that, iy their subsequent motion,
o

khese marticles leave the cylindrical surface and move away from this surface af

2 gistances of the second order.

i : It i. specifically convenient to write the solution of the differential
B .
15 . ‘bqua.tions governing the motion in matrix form. For this, it is assumed that twg
1

i
15 Bolutions u(z) and v(z) of eq.(ka) and to solttions w(z) and t(z) of eq.(Lb)
16

i". hre known, such that

e

1‘) ula) =1 w'{@)=0 wla)=1 w'a;=0 .
20 via) = 0 ne'{a) = 1 tia) =0 nt'la) = 1 - (1.54
21

ol Since the initial conditions of a trajectory at the apscissa point z = a 34e
25|

25 ) '

. z{a) =z1a yla)=ya md ) =7, y'la)=y,,

;7 jﬁhﬂi;%ra.jectary will be expreésé& by

28

29 z = zqul3) + nxv(z) nxr' = nrau’ -+ nv'nz)

2(1) y = yaw(z) + nygtiz) ny’ = nyaw’ + nt'ny, (I°6).

o |

;;_‘which can also be written as ! ;

30 :

3. fx S y‘=\..4!!/¢i

36 ;[nz' ' = '“‘"'_ur:,’ m ‘ny’ T py 8

. Lhere ’ 5

0 _lu(z)  efz) | . { w(z) =

SEES ‘ Mn——lnu'(z) ne'(z)| Na=| nw'(s) J.-,)

47 . \

W3 : . i

ey ; !

45 ! If the trajectories start and end in a region of zero field, the matrices
- i

10 i

4+~ that represent the uniform and rectiline;ar motion of the particles will be,

18 f ’ ’

ju respectively, between the abscissa points a and z, and the abscissa points b

50 ) : « ! ’

s1 and 2 i !

52 i



.

a0
f N {
T M= Ol ad Ne=1 |} 0\

NUS . i

L\L". = !
0 1 o] }

N

0. J.et Mye and Ny, be the matrices uescribing the action of the prism in the first
J

S and in the second principal section, between the abscissa points O and ' , z = 4

() '._‘l

o fmd z = b.

[ ] The plane z = 2; intersects the trajectories along coordinates which are
3

1 *ransfoms of the position and velocity coordinates in the plane z = 2 by

I hction of the matrices
l\gq“
19 .
200 : i
11 fin their respective section.

‘“zuz. = M,‘aMman' and N:.:. = M:.'Nba-“az.

2% | To determine the matrices ¥, and Ny., three regions can be differentiated,
2 |

>5____ t the entrance, an infinitely t.hin "oasgage layer? sees the magnetic field

IG_

ss from a zero value to a firite 'iré.iue, which it assumes in the ajir gap of

the electromagnet. In this air gap, which is the second region, the field

Bgide. The transition matrices describin’F the action of the prism at the
36 -
—.ntrance, for example, are as follows fop the first and for the second principal

|
Lectmn, respactively: |

L 3
Y :
W y—elltge’ 1! '-‘—e”tgt 1

i5.. where H is the value of the magnetic fieid and ¢ is the angle of the tangent tA
[T

|
:’ he trajectory with the normal to the entrance face (see Fig.I.2). The action

. of the prism in the first principal sectzion is expreased by
50

S P
L u ]
|
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]

‘ J‘ ‘ ! z- R. - al

2 - ay H 0! cog—-l-_ - ’:Sln -'"-n-—m'

; ’ r’:ﬂi-lhy ooy _ng i z—a Yx

i L AR TRt cos

: : 1 0 ZXa |

;_,,: Xi—eHtge 1®nr,|+

? fﬂhere €" is the angle of the tang=nt to the trajectory with the normal to the
10 4

1 .

1 pxit face of the prism. In the second principal section, we find
1.2 ’

'3

i '

5 w1 o Goa)l,
16 B gy —elltge” 117 lo a0

D> . .

o o! |ya

17 . .

Mo ¥

i9
20 ,

21 From these statements it is easy to derive eqs.(15) and (16) which give /!
22 ] , : .

23_the positions of the conjugate points in each of the principal seclions. The
24

P -

261 .

. First Principal Section Secend Principeal Sccfiou
8. J . B . - A i
2. Pegion without Field wis) = 1, W'l = o wit) = 1, Wiz = o b
30 estending in front of ths . . 2 . ]
3 priss vl = = Ve - fa) = —=, o -

33 . !
35 T !

3 ufa) = 1, u'la) = —= wia) = 1, wig) = —— h
7""‘ Passage layer at the A ": R R i
:2; Entrance to the Nagnet via) = =, v'(a) - — ta) = —, tla) = 0 ii
7| ' a
. - v |
" ulsy = cocz—;—- + -l; sin f—};—‘-‘ w(z) w l—-?_!:-. il
39 Region-of wnifora Field M/ s—a s -a - R i
10 . v(s) = - (Nl “Ht sin T) z) v w "'
b — —i
B2 T o 1.
43 | owla) et et = ~ IR wigh =1 = 2L Wl = a2 E) !
gi Passage layir ot the i ’“ 4 .
15 Exit f". the ”.‘ﬂ(‘ i wlg) - ’_” V(g _;l_ o) = -, t'a) = — E}‘
46 . - ) B e )
N 3 1~ s l'r: :-—b(z a) “x
I8 LN e wig) m | — — == 2 -

18 Region of Zero Field ‘ R PR PR} 4 !:
9 extending ofter the Prien W =¥ TR S i
50 . A " " n n ) :
51 SO T BT R R RTINS T T PR % - B
52 - ~ ~ ~
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i _{calculation of second_-ordei' aberfations ‘requires knowledge of the functions u,
» v, w, t as well as of their der.’nra.t',ive.‘5 In the symmetry case, which is treated

b
5_.jhere, we have -tan ¢ = tan €" = 1. The matrix formulation permits to establish,

-4
7 . without difficuity, a Table of these functicns for each of the regions travers

5 Iby the particles. i
1i

I
-
{
12 i1. laleculation of Second-Order Aberrations
|
|
!
|

13
1.
19 ..
te .

1=

The formulas derived in the preceding Section permit to calculate, to with+

lin the second order, the position and velocity coordinates in any plane z, pro-

i
‘9 }videq that the value of these coordinates in the plane z = 2o is known. If a

G

!
1 %more accurate definition of the trajectories is desired, the equations of motion
.:.3,,4_;

23 __must be solved with consideration of the term Hy. It is also possible to intro

RET
3; ﬂduce a parameter ¢ for descrlblng the heteroge'zeity of velocltv of the pa.rtlcle
T Since u, v, w, t are pa.l'ticular solutions, defined above, of the equatlons
2|

2. of motion written on the basis of the Hamiltonian = +H +H , the solu~
b1t . .

;’ -ttion of these equations can be given thei following form:

33— . . .
) - = ‘;‘:; -+ (4.0 y=1w-T i"i

:: p=nCiu' + nliy’ q=nlw' + al'yt’ (I .7]

'»(7) _{ !

‘ ka‘ere the constants C;, Co, [1, and I d@pend on the initial conditions. It is

o 1s0 possible to determine solutions of the form of eq.(7) for the differential
3
H Equations of the trajectories written on the basis of the Hesiltonian H = Hy, +

H* where H¥ contains the third-order t;erms originating from Ho and the terms

econd-order approximation, it is necessary to return to the solution of equa-

e rntroduced by ¢; then G, G, I, I3 bec;ome functions of z. On returning to tth
' i
Fiona written on the basis of H » B8O t.ha,’t Cys Ca, 1, T2 can be given the form

Pf an expansion in series in infinitely bmall quantities of the first order,
[ : ]
b : 143 ‘
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T

; lehich are the initial coordinates.
:_ Now, the entire problem reduces to ‘a calculation of the various coeffi-
i cients in these series, which coeff icierits are functions of z. To do this,
7_ Cotte considers that the expressions (I.7) define a change in variables trans-

v forming x, ¥, p, q into €, Ga, I, I3. This same author mentioned that this

0o ‘
11 transformation is canonical: The new variables C;, Gz, [, [3 are dynamic vari+
12
i3 mbles. Since C,, [1 are canonically conjugate to Ca, Iz, the differential /54
Vi

15 _equations of the trajectories will assume the following form:
16

|

IR

oy ¢, dK dt, 2K

16 % &= = 20, d= T

2 ar, oK dr, _ OK (1.8)
o &= T, Az T

.

24 }mere K(Cyy Ca, T1, I2, z) is the new Hamiltonian function. The solution of the
25 .
26 _bystem (I.8) which satisfies the initial-comditions ~ - -~ - - ol

27 i
o8 . . N
9 Gl =5, Gd)=E, 1 s} =2y, DgfedN 2y
3 ’
3; _fis written in the form of 2xpansions in series in §;, €32, Ty, Tz whose expres- |
32 3
33___sions are as follows: |
A '
5s :
N [
36 ] Cafz) = &+ epyl2) + Ao 2 - Zl\meai
2. i
RE A
19 . -, }d(-‘\ikﬁp’ik + Faene)
) (83
s! N,
iE Cale) = & + s94(2) + Boo 5 + > Boseky
| i
(R
I -
b : + . Z(Bmﬁgﬁk + Fuenure)
5 i
16
\7 Fyfz) =g, -+ $(foi='nc - S(‘.mamk
Lownt e
a8 i ik
19 ‘ ; »
w0 Pyfz) =4, + z“oit"u' -+ zl)mq.'r,/.
51 ! ;""
52 |
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L

1. where !
z o . 1
A= Api, Fie= Eny By == By,

Fige = 'y

. }
R : H
6 The expressions of these coefficients will then be:
7___ i

1

Chromatic dispersiong ’

= fiw,(i:, . = — f;m,dz.
_ Chromatic aberrations:
4 . S

'
1
!
A

‘ i6_ . Ap = J (o), A 2h129y L 2009, - mu%

- + 204,919y a,,tp:)rlz
e z

191 - A= f (Mis + 710us - @yn)dz

21 ] Aoy = J’ (222 + Progy + ?lau)’j

z _
Beo = — J‘d(m, -+ a.“q): + 2%,09:9s + anps
. + 2%;19] +727‘1Q”)dz
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_ such

24 8 we
n

26,
27 ...
28|
29__ |
30__]
31..
32,0

35
M
35..
36
37...
38
39
40_
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42,
43 __]
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s
46|
47__
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\ ' z "
i D= .[ Pty “’"“””J‘ Yfz i”n*""‘f.,f‘zx"=’l»w"*‘j T
M i

: :

fintegrals are expressed by f

]
i
P I
,l 14y fﬂ,rl- |~:,._.=-.f~f,/~ = Ky
t
t -
!

None of 1'iese coeffiéients are inde:‘pemient; relations exist between them
as ) 7

““ BN
Dy =0

| -0

Ky — Uy ==0

Cap®

11 as ten relations of the type of

;\u,( Yy -+ Ii.,,. 3) = constant .

In the case of a magnetic prism, th;e functions of z which appear in the
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5 In the hypothesis of an equivalent magnet, the magnetic field changes
D)

i) .t%’bruptly in value as soon as a passage layer is traversed, so that the functi ~n%
i1 3 :
12 B, D, and G become infinite; the same holds true for the coefficients oyy , Byy,
13 :

(S fmd ¥;» Nevertheless, a calculation of the aberration coefficients remains

15 ..

16 .ﬁasible since ayy 5 Biy, and Y, enter only with their integrals. The Table of

17 .

i,

lues of the functions A, B, D, G can be established for ecach -f the regions

19
: |
0. traversed by the particles. |
21 ‘
: .\
M A B D ‘»{ G “
25 5 i
‘;gj: - —ﬁl ftuut of the Magnet . [ ° o ‘ v ) _.——-%;: o
28 o I
: ol > ol 0] i
29 ‘1 Passage layer (Entrance).| - On e( a;?).-—:eﬁ\'-;l’). ct‘-‘%’-: 3 e X -—a( 3;:y)°+r0(-;;‘:!) ini
30 N I T 3 SR
3_ T R
30 Air Gop o= On i . ° ° x ) o !
.,5» - ot mme e e - R et i e o ) - ‘—-——— -y e ———— ot oo—— - ‘ - ——— - n——
14 : A o, i, ‘ o, TR
3 Possage Layer (Exit) .| - n g '(Tiz‘-').':"’\ 22 ). ¢ e - | "( u‘).* ‘°( 22}, ‘
3G e et B
37 l, After the Mugnet . ' ° ° ° °
XR, . L»::-—»'-.‘- AR R T TR T A RIS TAL T L ImR A It ST Tt L e tzT T IIISLAT CTEERRITNN .
39 .
A
i1, . '
i1, The orientation of the axes (x, y, :) is as indicated in Fig.I.l: (hax-axis
13 . !
i+ . s directed opposite to the certer of curvature, so that ¢ is negz2¢ir Let u::l
is i
.- . ¢
. put B (z) = n(z), h(z) > 0 and let us denote by N the normal to “l: cutrance
47 |
is  face, which ylelds |
v i
50 , . . . 21 dh .,
. dN =sin ¢'de, dN = cos ¢'ds, (—3}')0 = gnoine.
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Thicz leawes three types of integrals to calculate:

1.=f/(,)(?l_i— ds, 1,=J‘[(:).u(:)(bal:,) g
. L= [0 (5 &

16 kxtending at the Mthickness® of the passage layers, where f(z) is a function
1

12 which remains finite on passing through this layer.
13,
14 Let a and b be the curvilinear abscissas of the points O and 0. At the
15 .

16 pntrance to the prism, we have
17.

Cu
" dh sm z .

= . - w2’ = 1 -
19 h=flu) fn N e e N =fla) g = -fla)H 1ge
20
2

' and, at the exit,
L

4 | o it sin g’

[ SR )

T ‘*""’“’"f AN v AN e - 1
s = flh)-Htg e
ooy -
7 Bince 0(z) = - eh we wﬂl have, at t.he entrance t.o the prism,

29

30 it eh )
31 h"‘#(“)'fu - ~dh g g
3y . ¢ . s 2 efl?
33 :-—«;;-,{(u,' tge 7 = "{,’"/(“)
EXE
3 “pnd, at the exit, g
S l
37 N . ”
b =/(0)- | e
3Q Jdou ‘ .
e 3y, el
"o =S () = G el

i
o
:? With respect o the integral I3, we can bt.ate that
S T
W |

;3 Lnd tha*. ~—dh is zero Lt the en:rance “I well as the exit of one and the same

88a g0 layer. Conaeguently, we have Isl = Q.

| Coue |

42




i_l  The functions B, D, G appear only at the entrance and exit of the prism,
3. .{}ver the intermecdiary of integrals of the type I; and Io. Conversely, the func-

L

‘- tion A intervenes all along the air gap where, asscciated with the functions /36
%, v, ,v,w,and t, it gives rise to the calcuiation of integrals of the

- ?’-YPG [* cos @ sin 346 , where m and n are integers while 8 is 2u integration

iy 4 JI
e ;variabl
12
g The functions u, v, w, t and their firsi{ derivatives have been defined
i3 !
X
I

Jbove. However, let us note that, on traversing the entrance iayer for example;
'.lt is convenient to use the function Lgi—z—)— for U each time that v is associ

1 [p,ted with D in the calculation of an integral of the type Io.

0.
:‘ : After calculations which offer no further difficulty thar: the length, the
3——following Table can be established:

5]

4. .

I~ J
Ry
[N
-
n
K]
"
¥
>
x
Loy
e
kY
by
il '
p——
r~
4
—
|
I |
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HE

' S
B W ] R )5
f:’ .;’ 5: aﬂ.,rf: = I Qntl. = [3 + 2(1 — ).] —f‘ !
P 3o TR e = e e PR ——— *
5‘,:"'}; b 1 :
9. i J-"'x,u" = R o iz = ;
oy e

’./'_ b 8R b 16R

38 l“u“fl. = fa&,.clz =

3% - .

T g T -

B i b -y . b

41 ] t i EV L = (B )

o ;; _L'ms (3 4) R I‘J.“w' B ) o
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47 For calculating the value of the coefficients in any plane z = 2;, it can
. ‘ '
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16
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I8
v
20

21

24
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:so that, in taking the point z = sr, in a region of zero field, we have J[a :fz'
| s
‘,:

13

O since A~B=D =G = 0 and, consequently, {“==f“ . The above Table

gt,hus gives the values for the coefficients describing the geometric abemtionsfi

_4n the 'expa.nsions Ciy Co, 1, and Iy

3o,

With a prism, operating under sywnetry conditions, the crossover 2f the

mission lens is located at 2R of the errt.ra.nce face while the image of the ob-

8R
3

rossover of the lens is placed in the plane z = 7z, we have

a

a=2R+z, b= (2 - ‘;:) R Lz,

;
s
';bect surface, given by this lens, is located at
.
P
|
f

§ec‘b10n with the plane Z2 = 2o and by the angies made by its projecticns ozto thd

%lanes {x, 2) and (y, z) with the z axis. let @ and ¢ be the angles that defim#

of the crossover.

If the

'}[t is possible to define a trajectory by the coordinates %, y» of its inter-

H
i
i

[ t,he axis of a trajectory pencil converging initmlly toward a po:.nt of the ima.gt1

..H

29

32

Then, 51, €2, h, T assume the following values:

fo (a3
ICE P

35 .. S _ 3 Jo)
i = Ya T2 "(ﬁ § R
37 . {

38

30
10

oL
P2

3

W

1
i3
09
S0

"9

fn the plane z; = b + 2R, eqs.(7) will yield

2(z) = Cylz). 0(z) + Cofz)).v(z,)
i) = Dylz).e(s) - Tylzy) . 0lz,)

and, since, - ‘

ulzy) = — 1, w(g) = -1, o5} = Hzn)=0

‘te have )

'_'Io and having an aperture limited by the geometric dimensions of the crossover.
30
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For ;:omznring the value of tﬁe al;et;rations w.lculated at ﬁhe level of the

, _tprossover with those of the aberrations messured by Hennequin, let us take ¢ = (

5 ami X% = ¥ = 0. This will yield

r = - 4Re®* - 8R4t
y = — 1LRaB,

10 :
1N , The term in o® is identical to that cbtained by a classical geometric

E:alculation; with respect to the term in 82, Hennequin found a coefficient

is hav:lng a value of atout 10R, which means that the agreement is satisfactory.

- Chromatic Aberraticns i

.
aemrs e wis .\..‘, ——.

The coefficients Ays and By will not be calculated here since below we
|

—uil.L neglect the terrs in ¢®. This leaves only the functions ¢, and @, that

To he v Mo
C\J‘w:

getamine the dlspersion of the prism to .e calculated, as well as the coeffi— :

cieuts Aoz. hozs nn. 372’ Cors cm, D1, Dos. Let us note that it is suffi- ;
i
i

'J I\ »\4 |~.

Pient to take the integrals between the limits a and b since, outside of these
*{Ilimits » the magnetic field is zero and since C, Gz, Iy, Iz return to being con-
_55-—;tants. : |

25 ! . i

B os Dispersion of the prism:

I ) o) o . - 2By 3—a t-a
@y(z) = f meldz -= — e (l Fsin e —eos g —)

. 'z 1 3 —
o :“ - Pz} = — J ‘muidz = u( + sin ——R—— B R:)

i ‘At the level of the crossover C' , zi =b + 2R, x(z;) = -C;, neglecting /37
x. . bhe second-order aberraiions, we will thna have _

R
49 ! . x{s) = ~ T = L@y = ”‘To'*‘*m €

i Av-!..e., in view of the fact that ¢ = 4v anfpl n=mv:



: A AV
sz) =—7,~4R°- OF else x(y)=-z,+ 2R

which is the classical expression for the dispersion in the case of the prism
used.

Since

= m, the funciions A;;, M2, A3z, ki1, H1z2 s Haz assume the

following form:
]

R
) Mg = = ma'® == - e, hgy = - me"?
{ ; : = et g = — et uyy = — mi'?
o .
: Since t' = 0 in the prism, it follows that s,z anG sz are zero and,
"7 ponsequently %3 = Coa = Ibs = O. This lcaves
3 " :
H ! \ m s nin
:i:- ——1: l)o.l = J nmw 2z - 4“"—: .‘ ud: " "8 .
2

RN
25 _The calculation of the coefficients Ayy, A2, Bo1s Prza = -A1 is much ionger.

260 3

- 1In fact, it is necessary to calculate a Table of the nine integrals, as follows

PRSI
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i i m iz !'9' 3m (:— ) J”' JmR (= ) :
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bR - e e
: i e - - - i 1
3e.d . e " . " Rt - ;
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- . " LA TS O 1, a' vy 5 n a n E} %
36 I . N
37 , . . i . Cm " s 5
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; ‘ i .'a%’“d' TR (“4 R o § 3a P Pt nt 2 i
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3. By simple addition of the results in each column, this will yield the value of

S . the wanted coefficients

W !
i 5 R

: " m
" Ap=—73 7 Ag=-06—,
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9 m 5 m
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r - - - - - - - - . N - “l
‘?{‘he values of the coefficients ' and C, reduced to the chromatic aberrations, i

5. Bre then as follows:

L

s_ . - 31 msw

(,' ‘, Db} ==y, and Ty(h) = "(. - g_{{) + 3R U
L { ] I me m

; (',(b)—:,——4——‘— -—"4——;1‘0‘*5—‘1‘

Ly
1>~ geometric aherrations, we obicin

i

v |R I me me

P

z(z,) = — Xy + -—;—c-rz "1.-1-6

-“ In the plane z = b, we fird

I3

- ——— th*“‘"‘“""""

2(b) = u(B)Cy(8) + lbiCi(E; = O+

I
i

o

\f .
ppel ]

eBey ‘.’g;ectmg the geomstric aberrations,

26

P

-y ! b =R Ly me R < ] meI
== x{b) = 2R — ~-r Ry T
29 | (b) = n a0

JJ -

taklng into consideration all second-order aherrations (except that in ¢®), we

3:
3_-pbbtain

.y

W e

o A
1

S

“ Ty | ME . I .mg
x{h) = 2Ra -~ IT n I T r T

~4 A
TR

'

2m€

Wy N
xr
t

L
Ry

~n w me

T J(b)-2RB~— "‘Jo 3 W xRa8

4mt i ne 6m:

R — Ra? — 2RB —

+z-ro|3_‘

4 — _:)_I_. J_é. ' .3_ a'.t_n.__.s_ﬂm
C/6) = na SR™ T Mt gmEg T e

— Ra.

me

2-- Ra.
n

Tos _ Yo
2

(i+2)
PRI M

o 2z = - zy+ L R4 2 7,4 27 Ra— 4Ra*—8RE

y(z)) = — Yo~ 16RaB+ (x — 2)y,a.

1
; o 153 .
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+ (= — 2)y8

'S At the level of the cros.over, we have x(z; ) = -C, from which, neglecting the
{
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